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Note From The Editor

This Special Issue of the ASTM International’s Journal of Testing and Evaluation (JTE) is a fi rst in that it is dedicated entirely 
to the specifi c subject matter: Innovative and Sustainable Technologies and Materials in Civil Engineering Infrastructures. 

This is a very timely topic since we hear on an almost daily basis of how the civil infrastructure in the United States and much 
of the world needs constant attention and upgrading. Certainly the economic impact will be huge, but employment opportunities 
would follow. Such improvements would obviously benefi t from sustainable and innovative engineering materials and designs. 
These are the jobs of the engineers and scientists dedicated to this profession and on whom the burden is placed. The future holds 
many opportunities, not only in the near term for those presently in this challenging fi eld, but for the engineering students in our 
universities about to embark on their careers in their chosen profession. This Special Issue of JTE is intended to piqué the reader’s 
interest on this particular subject matter. 

The Editorial Staff of JTE would appreciate comments on such special publications on specifi c topical interests for future 
editions. We welcome your responses.

Dr. M.R. Mitchell
Editor-in-Chief

ASTM International
Journal of Testing and Evaluation

e-mail: mrmitchell@illinoisalumni.org
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Overview

More than any other time, engineers are facing the challenge of designing, constructing, and preserving the infrastructure system 
in a sustainable way. Economic prosperity and improved lifestyle are among the benefi ts of a resilient and sustainable infrastructure 
system. A resilient system is one that could withstand the extreme effects of a damaging factor and one that could be brought back 
to functionality in a timely manner. A sustainable system is one that is developed to last long with minimal adverse impact on social, 
economic, and environmental needs. In civil infrastructures, sustainable materials play a major role in this regard. These could be 
from renewable resources or materials that are abundantly available, durable, and recyclable. 

This special publication of the ASTM’s Journal of Testing and Evaluation (JTE) contains 26 papers that deal with materials 
used in sustainable civil infrastructure. The papers have been through rigorous peer review to be published in this special issue of 
JTE. The materials covered in this publication include asphalt, concrete, soils, and steel. The publication includes both numerical 
and experimental research and investigation of infrastructure materials. For asphalt, the papers tackle three dimensional discrete 
element modeling of crack development, intelligent compaction, oscillation testing, and characteristics of asphalt with recycled 
materials. The topics addressing sustainability in concrete deal with cracking and sustainability of fi ber reinforced concrete, seismic 
behavior of reinforced concrete, cement fracturing, recycled concrete aggregate in drainage systems, polymer concrete, concrete 
pavements, and roller compacted concrete. In the areas of soils, foundations, and stabilization, there are innovative topics such 
as caisson behavior during sinking, use of reservoir siltation for backfi ll applications, bearing capacity application by seismic 
methods, lime stabilization of expansive soils, fl y ash stabilization, properties of unsaturated soils, fi eld versus laboratory stiffness 
of soils using surface waves, and ground vibration of clay soils. For steel, evaluation of long multi-span girders during incremental 
launching is presented in the publication. Other topics in the publication include tire-road interaction regarding skid resistance, and 
the role of infrastructure on emergency medical services. 

There are seven papers dealing with material recycling and stabilization. Use of recycled materials in pavements has always 
been a hot topic. The work by Chen et al. was focused on how the volumetric properties and performance of asphalt concrete are 
infl uenced by complete replacement of coarse natural aggregates with basic oxygen furnace (BOF) slag, and reported this process 
as a feasible option. On another front, use of recycled concrete aggregate (RCA) in exfi ltration drainage systems such as French 
drains was investigated by Nam et al. The authors concluded RCA No. 4 gradation does not restrict the fl ow of water, but the 
RCA fi nes being generated during aggregate handling process may cause clogging buildup over time. Using fl y ash, blast-furnace 
slag, and silica fume in concrete has been around for many years. Lee et al. investigated the effects of steam and microwave 
curing on concrete containing these recycling materials. The microwave-cured concrete did not show an increase in permeability 
relative to the concrete that was steam-cured, but showed an increase in strength. The effect of lime and the curing period on 
the compressibility and durability characteristics of expansive semiarid soils was evaluated by Moghal et al. using a range of 
loading periods of time, concluding that lime signifi cantly reduces the compressibility, and that increase in duration of loading time 
produces a moderate increase in the fi nal void ratio values, and fi nally a considerable decrease in the concentration of calcium is 
observed with increasing the curing period. Factors limiting the application of some fl y ash in stabilization of soils and roadbed 
materials are addressed by Mráz et al. Specifi cally, the researchers indicated that the limitations in usage in some cases are related 
to the relatively low resistance in repetitive contact with water, volumetric changes and the risk of partly unsatisfactory hygienic 
and environmental impact. Techniques to reduce these negative impacts are suggested by the authors. Treatment of fi brous peat, 
which is extremely soft with high moisture content, is studied by Kazemian et al. Experimental work with special type of binder 
indicated proper cementing and stabilization of peat. Finally, massive reservoir siltations (RS) have seriously disrupted the service 
of many reservoirs worldwide, with adverse effects on infrastructure sustainability. Wu and Lin propose a novel approach using RS 
to produce controlled low strength materials, reinforced with geobags, for storage and backfi ll applications. 

Asphalt related topics are discussed in three papers. Cracking in epoxy asphalt concrete (EAC) used for steel bridge wearing 
course has always been a major cause of structural and functional deterioration of this material, particularly in cold climate. Qian et 
al. developed a three-dimensional (3-D) fracture model using a randomly generating algorithm to investigate the fracture behavior 
of EAC. Intelligent compaction of asphalt concrete has been gaining considerable momentum within the last decade. In the paper 
by Singh et al., a procedure for estimation of effective modulus of a multilayered HMA pavement using Intelligent Compaction (IC) 
was investigated. Finally, in characterization of asphalt concrete behavior, assumptions are often made regarding the magnitude of 
material’s Poisson’s ratio disregarding the impact of loading time on this important property. Zak et al. used small amplitude sine 
load tests as well as relaxation tests to demonstrate how the Poisson’s ratio changes as a function of time.

Concrete and cement are discussed in four papers. Highly fl owable, strain-hardening fi ber-reinforced concrete has good 
workability in the fresh state and high-performance in the hardened state. Through mechanical testing, Liao and Chao demonstrated 
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that this type of concrete also presents a lower crack potential and excellent crack width control. Investigating fracture in roller 
compacted concrete (RCC) is the subject of investigation by Cui et al. The authors researched two groups of RCC specimens 
and determined double-K fracture parameters. It was indicated that the unstable fracture toughness increases and initial fracture 
toughness decreases when the crack depth ratio is increased. Yao et al. studied the mix proportion and mechanical properties of 
polyethylene terephthalate (PET) concrete using an orthogonal test. Infl uence of various factors was considered, and it was found 
that the ratio of PET/mineral aggregate had the largest impact on compressive strength. Finally, Ge et al. studied the behavior 
of concrete columns reinforced with high strength hot rolled bars of fi ne grains, and concluded satisfactory performance of such 
columns. 

There are three papers regarding bearing capacity and soil characterization. Caisson is often used as the foundation of important 
structures, and its sinking process affects is performance. Zhao et al. carried numerical simulation as well as laboratory experiments 
to study the macro- and meso-scale mechanical behaviors of the caisson during sinking, providing tools for better understanding 
of the earth pressure on caissons. The challenge of determining the soil bearing capacity under a constructed building is tackled 
by Xu et al. using the Rayleigh wave method. Rayleigh wave velocity measurements and static load capacity were measured for 
several different kinds of soil, resulting in a fi tting formula between shear wave velocity and soil bearing capacity under specifi c soil 
conditions. Finally, Wang et al. take advantage of several technologies including scanning electron microscope, energy dispersive 
spectrometer, digital image processing, and triaxial testing to characterize microstructure and unsaturated properties of special types 
of clay. 

Construction challenges are topics of discussion in three papers. The challenge with construction of two bored tunnels passing 
underneath an existing high speed rail is presented by Ni and Cheng. The authors discuss the challenges associated with long 
distance horizontal wash boring through diaphragm walls, scattered with steel H-beams and accompanying grouting strategy. 
The experimental work undertaken by Busch et al. indicates the ground response of clay soils in confi ned conditions subjected 
to explosive airblast loading. Results of the study included surface crater geometry measurements, ground vibration data and air 
overpressure data. The experiment results provided a data set that could be used to predict the effects of airblast loads on clay soils. 
Finally, the structural performance of steel U-shaped girder during launching construction is the subject of investigation by Wang 
et al. The geometric confi guration of the steel U-shaped girder was analyzed and a method was proposed to determine the girder 
behavior based on a comprehensive fi nite element analysis of local stress characteristics as well as experimental investigation. 

Seismic response of materials is discussed in three papers. Vibration response of multilayered pavement system is studied by 
Yao et al. through a laboratory experimental exercise. The authors indicate how the use of geotextile interlayers reduced vibration 
displacement in the system. The interlayer has the effects of damping vibration and resisting water erosion of the pavement base. 
Dai et al. demonstrate the steps that one can take in conducting surface wave surveys for both small and large medium applications, 
and provide two specifi c examples at both ends of the size spectrum. The last paper of this group regards correlating the laboratory 
produced engineering properties of materials to the in-situ values, as it has always been a diffi cult task. Martins and Gomes present 
their approach in establishing a relationship between fi eld and laboratory moduli based on spectral analysis of surface waves for 
clayey sand.

Three papers present some of the issues and concerns regarding pavements and transportation. A major factor in highway safety 
is the friction between the road surface and the traffi cking tires. Chen exhibits a systematic framework to predict skid resistance of 
wet pavement with non-contact method in real time. Yang et al. discuss an emerging method, radio frequency identifi cation (RFID) 
technology, for locating manholes beneath the pavements. Through the program developed by the authors, the time and costs of 
manhole identifi cation can be signifi cantly decreased. Finally, the effectiveness of emergency medical services (EMS) depends on 
the existing infrastructure and allocation of medical resources. Chen et al. assessed the effect of service area of EMS after a disaster 
on the transportation infrastructure, and proposed an approach for conducting such an assessment.

Dr. Mansour Solaimanian 
Penn State University 

Dr. Jia-Ruey Chang 
National Ilan University 

Dr. Louis Ge 
National Taiwan University 

Dr. Dar Hao Chen 
TX Department of Transportation
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ABSTRACT

This research is focused on how the volumetric properties and performance tests for asphalt

concrete are influenced by the 100 % replacement of coarse natural aggregates with basic

oxygen furnace (BOF) slag. A statistical analysis was conducted to explore whether the

replacement of coarse natural aggregate with basic oxygen furnace slag would increase the

moisture sensitivity and reduce the strength of asphalt concrete. According to the results of

the mixture design, except for the basic oxygen furnace slag asphalt mixture with upper

gradation curve, the film thicknesses are from 6 to 9 lm. However, performance tests,

especially the moisture sensitivity and creep test, show that the lack of film thickness and

void in mineral aggregate did not adversely affect the durability of asphalt concrete. Based

on the results of the mixture design and the performance tests, complete replacement of

coarse natural aggregates with basic oxygen furnace slag in asphalt concrete is considered

feasible and worthy of further study.

Keywords

basic oxygen furnace slag, film thickness, asphalt concrete

Introduction

Basic oxygen furnace slag is a by-product commonly produced by steelmaking processes, and

there are decades of research regarding the basic oxygen furnace slag materials [1]. Xie’s

study investigates basic oxygen furnace slag by various methods including X-ray diffraction, X-ray

fluorescence, and scanning electron microscope. A basic oxygen furnace slag–prepared asphalt

mixture is a hybrid mixture with basic oxygen furnace slag as coarse aggregate and limestone as fine

aggregate. The resilient modulus and indirect tensile strength of the basic oxygen furnace
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slag–prepared asphalt mixture show that it is superior to the

basalt-prepared asphalt mixture with respect to moisture

resistance [2]. Xie et al. found that basic oxygen furnace slag exhib-

its superior bonding strength to basalt and granite [3]. Mahieux

et al. evaluated the mechanical properties and durability character-

istics of steel slag aggregate concrete. Their results indicate that the

durability characteristics of steel slag asphalt concretes are better

than those of crushed limestone aggregate concrete [4]. Sengoz et

al. proposed that asphalt concrete design and analysis should be

standardized on a volumetric basis, rather than on a weight ratio

concept. It was suggested that the voids in mineral aggregate

(VMA) of dense-graded asphalt concrete (DGAC) should be no

less than 15 % and that the air voids (Va) percentage should be

between 3 %� 5 %. To ensure adequate durability of the asphalt

concrete, the concrete should not be less than 4.5 % (weight ratio)

or 10 % (volume ratio) [5]. Xiao et al. stated that the Superpave

mix design method and volumetric analysis could be used for rub-

berized asphalt mixtures containing reclaimed asphalt pavement

[6]. Chen claims that the film thickness is defined as the thin

asphalt membrane adhering to the aggregate surfaces. Insufficient

film thicknesses can result in a reduction of durability and strip-

ping [7]. In 1965, Kandhal et al. stated that films of 6� 8lm

are appropriate. However, others suggested that the film thickness

of asphalt concrete should not be lower than 9� 10lm [8].

Anochie-Boateng et al. claimed that typical film thicknesses have

been reported in the range of 5.8–8lm in South Africa [9]. Chad-

bourn et al. proposed that Asphalt concrete in early stages does not

need to consider the absorbed parts of asphalt by aggregates. This is

because the absorbed parts do not cause the durability and strength

of the asphalt concrete to decrease [10].

This study evaluates whether basic oxygen furnace slag can

be regarded as a coarse aggregate in dense-graded asphalt con-

crete. In this study, the natural coarse aggregate in dense-graded

asphalt concrete was replaced completely with basic oxygen fur-

nace slag in the test sets. Conventional dense-graded asphalt

concrete was used as the comparison set. The description of the

mixture design results will be discussed, followed by the differ-

ences in the volumetric properties between the test and compar-

ison sets. The performance tests are conducted in a laboratory

setting to explore whether the influence of basic oxygen furnace

slag is significant in dense-graded asphalt concrete. The rela-

tionship between film thickness and performance of dense-

graded asphalt concrete is then further discussed.

Experimental Programs

The total framework of this study is shown in Fig. 1. Physical

tests of all of the materials, following ASTM standards, were

FIG. 1

Flow chart.
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performed first. The gradation in this study complies with

ASTM D3515 [11], and all mixture designs were according to

the Asphalt Institute (AI) MS-2 standards. This study aims to

explore whether the replacement of coarse aggregate with basic

oxygen furnace slag would reduce the durability and strength

of dense-graded asphalt concrete. This is done by using the

mixture design to obtain the optimal asphalt content, and then

conducting performance tests and a statistical analysis between

the test set and the comparison set. The gradations of this study

are shown in Fig. 2, and the details of the test and comparison

sets are as follows:

1. Comparison set: applied natural aggregates that corre-
spond with the middle curve of the standard, ASTM
D3515, using mixture design. This study refers to the
middle curve as the natural middle (N-M).

2. Test sets: replaced coarse aggregates with basic oxygen
furnace slag and adjusted three different gradations,
which are:
(a) corresponds with upper curve of the standard to con-

duct mixture design, which is referred to as BOF-U in
this study,

(b) corresponds with the middle curve of the standard to
conduct mixture design, which is referred to as
BOF-M in this study, and

(c) correspond with the low curve of the standard to con-
duct mixture design, which is referred to as BOF-L in
this study.

CALCULATION OF FILM THICKNESS

At present, the average film thickness is calculated using one of

the two following methods:

1. The Saskatchewan Department of Highway and Trans-
portation in Canada calculates film thickness in accord-
ance with the concept of aggregate surface area and
percentage effective binder [12], as applied in the follow-
ing six steps:
(a) The aggregate’s specific area is found by multiplying

the sieving average of gradation by the area factor.

(b) The percentage of absorbed asphalt is calculated as:

Absorbed asphalt ð%Þ

¼
ASP� BSG�

�
BSGð100þ ASPÞ

TMSG
�100

�
� ASG

BSG
(1)

where:
ASP¼ asphalt content of the mix by dry weight of
aggregate,
BSG¼ bulk specific gravity of the aggregates in the
asphalt mix,
TMSG¼ theoretical maximum specific gravity of the
asphalt mixes, and
ASG¼ specific gravity of the asphalt cement in the
mix.

(c) The absorbed asphalt by aggregates, Pba (%), is calcu-
lated as:

Pbað%Þ ¼ ð% absorbed asphaltÞ � 100
100þ ASP

(2)

(d) The percentage of asphalt content by total asphalt
mixture, Pb (%), is given by:

Pbð%Þ ¼ ðASPÞ � 100
100þ ASP

� 100%(3)

(e) The percentage of effective asphalt by total asphalt
mixture (Pbe) (%) is given by the equation:

Pbeð%Þ ¼ Pb� Pba(4)

(f) Dust proportion (DP) is calculated as:

DP ¼ passing #200ð%Þ
Pbe

(5)

(g) Effective film thickness (lm) is given by the formula:

Fbe ¼ 981� Pbe
SST� ð100� PbÞ(6)

where:
SST¼ denotes total surface area.

2. Aljassar and Haas developed a calculation for the aggre-
gate total surface area [13]. Meanwhile, a formula was
developed to obtain the average film thickness of the
aggregate on behalf of the California Department of
Transportation [12].

PERFORMANCE TESTS

The performance tests conducted in the laboratory include resil-

ient modulus, indirect tensile strength, creep test, and the tensile

strength ratio (TSR) (AASHTO T283 [14]). The indirect tensile

strength for the resilient modulus method was used to measure

the stiffness of the dense-graded asphalt concrete samples.

Standard testing procedures from the ASTM D4123 were

FIG. 2 The gradation curve of different mixtures.
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performed. The test frequency used was 1.0 Hz. The creep test

conditions were at an axial stress of 14.5 psi for 3600-sec loading

and 1800-sec unloading times. The tests were conducted at

25�C and 40�C, respectively. The tensile strength was used to

evaluate the asphalt concrete’s ability to resist deformation. In

this study, the Marshall method apparatus was used to apply

loads. To uniformly distribute the load, the compressive load

was applied through a 1/2-in.-wide metallic loading strip. These

tests were performed using displacement control at a constant

vertical displacement rate of 2 in./min [15]. The one-way analy-

sis of variance was used to explore the significant differences

among the N-M, BOF-L, BOF-M, and BOF-U, at a confidence

level of 95 %. Analysis of variance results, however, can show

only whether there are significant differences among the groups.

For multiple comparisons of performance’s results, it is neces-

sary to distinguish the differences between two groups after

analysis of variance. This study applies the Bonferroni correc-

tion approach to perform this test [16].

Results and Discussion

RESULTS OF PHYSICAL TEST ANDMIXTURE DESIGN

The physical test of the natural aggregate is shown in Table 1.

When compared to natural aggregate, basic oxygen furnace slag

has a heavier specific gravity and is more resistant to abrasion.

Table 2 shows the results of various dense-graded asphalt con-

crete mixture designs. The BOF-M voids in mineral aggregate

do not comply with the standards; therefore, this material’s

voids in mineral aggregate was not considered. Table 2 indicates

that the BOF-M and BOF-L dense-graded asphalt concrete have

lower asphalt content than traditional asphalt concrete with

natural aggregates. Because BOF-U has voids in mineral aggre-

gate that do not correspond with the specified requirements, the

asphalt content was slightly higher.

Basic oxygen furnace slag decreases the asphalt content of

asphalt concrete because basic oxygen furnace slag has a high

CaO content. Thus, basic oxygen furnace slag is categorized as a

hydrophobic aggregate. Basic oxygen furnace slag also contains

a large amount of iron. Its Gsb is greater than that of traditional

aggregates. Therefore, the addition of basic oxygen furnace slag

to an asphalt concrete mixture increases the unit weight of the

concrete. High Gsb values naturally increase the bulk specific

gravity of compacted specimens (Gmb). The VFA value of

asphalt concrete equals the average volume of air voids (Va)

occupied by asphalt. The specified VFA requirement is between

65 %� 75 %. Table 2 shows that all of the mixture curves, except

BOF-U, meet the specified requirements.

Stability tests determine the strength or maximum load-

bearing values of construction material specimens. The Mar-

shall stiffness index (ASTM D1559) can be obtained by dividing

the asphalt concrete’s stability by its flow. In this study, the sta-

bility results of various specimens of dense-graded asphalt con-

crete show that the stability indices of all of the tested versions

of asphalt concrete were higher than the specified requirement

(818 kgf). The results are closely related in all cases, confirming

that the presence of basic oxygen furnace slag material did not

influence the stability or strength of asphalt concrete in our

tests. The flow of an asphalt concrete specimen reflects the

TABLE 1 Physical properties of basic oxygen furnace slag and natural aggregate.

Item Standard Basic Oxygen Furnace Slag NCA NFA Specimen

Aggregate size 100 3/400 3/800 100 3/400 3/800 Sand

Bulk specific gravity ASTM C127 3.42 3.44 3.34 2.58 2.45 2.43 2.43 –

Apparent specific gravity ASTM C127 3.59 3.63 3.65 2.68 2.66 2.71 2.73 –

Water absorbed (%) ASTM C128 1.4 1.6 2.5 1.5 1.1 1.3 1.5 –

Los Angeles abrasion (%) ASTM C131 16 16 26 20 31 27 – 40

Percentage of flat and elongated (%) ASTM D4791 5 5 1 10 13 9 – 15

Percentage of fractured particles (%) ASTM D5821 100 100 100 100 95 96 – 90

Soundness (%) ASTM C88 0.1 0.2 0.1 0.7 1.1 0.9 1.3 12

Note: NCA, nature coarse aggregate; NFA, nature fine aggregate.

TABLE 2 Results of mixture design.

Testing Item N-M BOF-U BOF-M BOF-L Standard Requirements

VMA (%) 14.2 10.4 13.2 13.4 =13

VFA (%) 72.4 62.0 72.0 72.0 65� 75

OAC (%) 5.7 6.1 5.3 5.1 –

Gmb at 25�C 2.236 2.630 2.725 2.768 –

Air voids (Va) (%) 4.0 4.0 4.0 4.0 3� 5

Stability (kgf) 2640 2200 2600 2200 =818

Flow (0.25mm) 12.0 12.5 11.6 13.0 8� 14
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difference between the starting load-bearing capacity and the

maximum load-bearing capacity of that particular asphalt con-

crete specimen. The specification requires that the flow must be

measured from the vertical deformation in the specimen, and

that the flow of dense-graded asphalt concrete must be between

8� 14 units (where each unit is 0.25mm). Our experimental

results show that the flow values for all of the sets were within

this requirement. Furthermore, all specimens attained closely

related results, meaning that the presence of the basic oxygen

furnace slag material did not influence the vertical deformation-

bearing capacity.

VOIDS IN MINERAL AGGREGATE

In reference to the report from the Minnesota Department of

Transportation, the ranking of voids in mineral aggregate

decreases of asphalt concrete are as follows [10]:

1. Large decrease: decrease range is approximately =2 %.
2. Moderate decrease: decrease range is approximately

0.5 %� 1.0 %.
3. Small decrease: voids in mineral aggregate are larger than

standard or decrease range is <0.5 %.

Figure 3 shows the different voids in mineral aggregate lev-

els for the different dense-graded asphalt concrete materials

with various (4.5 %� 6.5 %) asphalt levels. The voids in mineral

aggregate levels of the BOF-M and BOF-L meet the specified

requirements, whereas the voids in the mineral aggregate level

of the BOF-U is far below the requirements. Table 2 shows the

properties of four materials, all mixed to have 4 % voids of air.

It can be seen from this table that the asphalt concrete materials

made with basic oxygen furnace slag, instead of traditional

aggregates, produced lower voids in mineral aggregate levels

than materials made with traditional aggregates. Although

BOF-M and BOF-L meet the voids in mineral aggregate specifi-

cation requirements, both of their curves were at the borderline

of the standard. The voids in mineral aggregate of BOF-M and

BOF-L meet the minimal requirements, but they are just barely

acceptable. The voids in mineral aggregate of the BOF-M is

about 1 % lower than that of the N-M, which is not caused by

gradation. This is categorized as a moderate decrease. BOF-U

does not meet the minimum voids in mineral aggregate require-

ments. The voids in mineral aggregate of the BOF-U are about

4 % lower than that of the N-M, which is categorized as a large

decrease. The large decrease in the BOF-U voids in mineral

aggregate is not caused by the basic oxygen furnace slag mate-

rial, but rather by the gradation process.

DUST PROPORTION

According to the relevant researches [7,8,13], the Marshall com-

paction will produce the densification, increasing total surface

area of aggregate and influencing the dust proportion of mix-

tures. The voids in mineral aggregate are calculated with the

Gmb of compacted specimens. Gmb is measured from a com-

pacted specimen; the higher dust proportion will reduce voids

in mineral aggregate and it is necessary to evaluate the dust

proportion of original mixtures and compacted specimens. In

addition, a higher dust proportion will decrease film thickness

and percentage of effective asphalt by total asphalt mixture, and

voids in mineral aggregate would also obviously be reduced.

The dust proportion comparison of original mixture and com-

pacted specimen is as shown in Table 3; it is easy to discover

that the dust proportion in the mixtures will be significantly

increased after compaction. Based on the above, the major rea-

son for the voids in mineral aggregate moderate decrease

between N-M and BOF-M should be the increasing of dust pro-

portion after Marshall compaction.

FILM THICKNESS

It has been claimed that there are close relationships between

film thickness and voids in mineral aggregate properties. For

example, as voids in mineral aggregate decreases, the Pbe also

decreases, causing reduced film thickness and reduced durabil-

ity. By contrast, if the asphalt concrete has an appropriate void

in mineral aggregate and sufficient percentage of effective

asphalt by total asphalt mixture, it will have an appropriate film

thickness and strong durability. Film thickness must be calcu-

lated precisely because it plays a vital role in the durability of

asphalt concrete. Many professionals believe that the optimal

film thickness is 6–8 lm. Kandhal claims that a film thickness

of 9–10 lm will produce good durability. This study adopted

the calculation methods of Superpave SP-2 from Canada’s

FIG. 3 VMA results.

TABLE 3 Dust proportion of original mixtures and compacted

specimen.

Dust Proportion (DP) N-M BOF-U BOF-M BOF-L

Original mixture 1.07 2.77 1.43 1.15

Compacted specimen 2.15 5.11 2.81 2.07

Difference 1.08 2.34 1.38 0.92
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Saskatchewan Department of Highways and Transportation.

Three of the four film thickness values in Table 4 range from

6� 9lm, and the film thickness of the BOF-U is noticeably

lower. From the results of this study, it can be inferred that

excessively fine aggregates were the primary cause of the BOF-

U’s low voids in mineral aggregate.

Performance and Discussion

Many scholars claim that voids in mineral aggregate should be

based on film thickness rather than established by lowest

asphalt content. The appropriate film thickness would maintain

the durability of asphalt concrete, whereas adding basic oxygen

furnace slag into asphalt concrete decreases the voids in mineral

aggregate properties. The analysis of variance is used to estimate

the difference between the comparison and testing set. The

analysis of variance results of various performance tests, which

include the resilient modulus, indirect tensile strength, creep

test, and tensile strength ratio (AASHTO T283), are shown in

Table 5. From Table 4, only the tensile strength ratio and creep

(40�C) performance test results show significant differences.

Therefore, this study proceeds to perform multiple comparisons

in analysis of variance to analyze the influences of basic oxygen

furnace slag toward tensile strength ratio results. The results are

shown in Table 5. From the results in Table 5 and Fig. 4, using

tensile strength ratio results as an example, and by adding basic

oxygen furnace slag into dense-graded asphalt concrete, the ten-

sile strength ratio of the BOF-U shows significantly better

results than the tensile strength ratio of asphalt mixture with

the natural aggregates (Sig.¼ 0.02 5 0.05). In addition, the ten-

sile strength ratio of BOF-M and BOF-L are higher than the

tensile strength ratio of asphalt mixture with the natural aggre-

gates, but the differences are not significant. As can be seen

from Table 6, the difference between BOF-L and BOF-U is only

significant in the creep test (Sig.¼ 0.04 5 0.05). Although natu-

ral aggregates have shown better results than the BOF-L and

BOF-M in Fig. 5, the differences could not be defined. In other

words, results of the creep test of the BOF-L and BOF-M are

comparable to natural aggregates. Based on the above, the

TABLE 4 Calculation of film thickness.

Calculated Items N-M BOF-U BOF-M BOF-L

Asphalt content (to mixture, %) 5.7 6.1 5.3 5.1

ASP (%) 6.04 6.50 5.60 5.37

TMSG 2.327 2.741 2.836 2.881

BSG 2.455 2.760 2.972 3.031

ASG 1.026 1.026 1.026 1.026

SST (m2/kg) 5.42 6.96 5.42 4.16

Absorbed asphalt (%) 1.08 3.81 1.92 1.70

Pba (%) 1.04 3.58 1.82 1.62

Pb (%) 5.70 6.10 5.30 5.10

Pbe (%) 4.68 2.53 3.49 3.49

DP 1.07 2.77 1.43 1.15

Average film thickness (lm) 8.98 3.79 6.66 8.67

TABLE 5 Statistical analysis of performance tests.

Test Sets

Item Unit N-M BOF-U BOF-M BOF-L Significant Difference

Modulus resilient (ASTM D4123) 25�C kgf/cm2 24 970 23 541 22 968 23 113 a

40�C 11 287 10 149 11 612 11 451 a

Creep test 25�C kg sec/cm2 14 434 15 796 16 432 13 488 a

40�C 17 881 18 845 16 073 14 292 b

Indirect tensile strength 25�C kgf/cm2 11.9 12.5 12.3 11.9 a

60�C 2.0 2.4 2.3 1.7 a

Indirect tensile strength-work 25�C kgf cm 105.0 108.6 111.3 98.6 a

60�C 14.5 15.9 13.7 11.0 a

Tensile strength ratio – % 81.3 94.1 91.0 84.0 b

Tensile strength ratio-work kg cm 92.1 90.3 94.1 96.3 a

aNo significant difference.
bSignificant difference (a¼ 0.05, analysis of variance).

FIG. 4 TSR results.
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performance test and analysis of variance analysis concluded

that an insufficient void in mineral aggregate and film thickness

would not have an influence on the performance test results of

the asphalt concrete. The key factor of success in paving quality

of asphalt concrete is determined by the quality of aggregates;

the aggregates have to possess high shear stress in resisting the

repeated loading of vehicles that would cause permanent defor-

mation. With good skeleton structure in the resistance of

asphalt concrete, it decreases the producing of permanent defor-

mation on pavements. The basic oxygen furnace slag possesses

good properties of toughness surface, hydrophobic ability, high

density, and durability, which are ideal to replace parts of natu-

ral aggregates in pavement engineering. In addition, the basic

oxygen furnace slag is cheaper than nature aggregate; utilization

of basic oxygen furnace slag in surface layers will significantly

reduce the total cost of pavement engineering.

Conclusions

Under identical gradation conditions (N-M and BOF-M), the

voids in mineral aggregate properties of BOF-M are lower than

N-M by about 1 %, which is categorized as a moderate decrease

of voids in mineral aggregate, and the major reasons should be

the increasing of dust proportion after Marshall compaction.

Although the voids in mineral aggregate of the BOF-M corre-

spond to the specification requirement index (13 %), it falls at

the borderline of the standard. Similar results are found with

the BOF-L. As for BOF-U, the voids in mineral aggregate are

about 5 % lower than the standard, which is categorized as a

large decrease. Despite the fact that the basic oxygen furnace

slag would cause the voids in mineral aggregate to decrease, the

other main reason for voids in mineral aggregate decrease is

related to the selected gradation. There are more fine aggregates

on average in the BOF-U. This is discussed in literature reviews,

which state that when the fine aggregates and dust proportion

increase, surface area increases, and film thickness decreases,

which is consistent with the results of obtaining decreased voids

in mineral aggregate. With regard to adding basic oxygen fur-

nace slag into dense-graded asphalt concrete, the optimum

addition content shown by this study, based on three different

gradations, which required their mixture designs to be proc-

essed and performances tested, is adopting the 100 % basic oxy-

gen furnace slag replacement ratio over traditional aggregate in

#8. From results of mixture design and laboratory performance

tests, the 100 % basic oxygen furnace slag replacement of natu-

ral coarse aggregates is feasible in asphalt mixture, and field

tests should be evaluated by the long-term performance of

basic oxygen furnace slag asphalt mixture in the future. The

BOF-M of this study has obtained the optimum asphalt content

(OAC) result, and the optimum asphalt content is between

5.0 %� 5.5 %, which is lower than the optimum asphalt content

of traditional aggregate by about 1 %. The primary reason for

this is that the basic oxygen furnace slag is heavier than nature

aggregate; therefore, the volume of the basic oxygen furnace

slag is smaller than the volume of the natural aggregates. Under

the same weight conditions, the absorbed ratio of the basic oxy-

gen furnace slag is lower than the natural aggregates, because

the Marshall compaction may produce gradation degradation.

This study suggests that when applying the Marshall mixture

design to produce a design, the design should consider the influ-

ences produced by degradation.
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ABSTRACT

Recycled concrete aggregate (RCA) is often used as a replacement for virgin aggregate in

road foundations (base course), embankments, hot-mix asphalt, and Portland cement

concrete. However, the use of RCA in exfiltration drainage systems, such as French drains, is

still uncommon. The primary concerns with using RCA as drainage media are excessive fines

and calcite precipitation that can cause a reduction in permeability performance. This study

investigates the potential benefits of RCA as drainage material. This paper presents and

discusses: (1) the results of a nationwide survey on current practices and policies, (2)

physical and chemical properties, (3) effective fine-removing methods, (4) re-cementation

potential, (4) permeability (under varied fine content), and (5) long-term drainage

performance of RCA as drainage material. Test results indicate that RCA No. 4 gradation

does not restrict the flow of water, but the RCA fines being generated during aggregate

handling process (e.g., stockpiling, placing and transporting) may cause clogging buildup

over time.

Keywords

recycled concrete aggregate, permeability, clogging

Introduction

Recycled Concrete Aggregate (RCA) can be defined as a material that consists of about 60 to 75 %

high quality, well-graded aggregate, bonded by a hardened cement paste [1]. RCA is a construction

and demolition debris (C&D) material, and it can be obtained from various sources, such as
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buildings, roads, bridges, and highway or runway pavements.

Other structures, such as Portland cement concrete curb, side-

walk, and driveway, are typically reinforced, and should go

through a screening process that uses magnetic separators to

extract the ferrous material. There are two main types of crush-

ing devices utilized in recycling plants: compression crushers,

and impact crushers. Compression crushers involve cone and

jaw crushers, while impact crushers utilize impact and horizon-

tal crushers. In North America, 61 % of recyclers use jaw

crushers for the primary crushing, and 43 % of them use cone

crushers for secondary crushing [2]. As a result of the crushing

processes, the original concrete may yield about 75 % coarse

aggregate, and 25 % fines [2].

In a national survey administered by Rutgers University

[3], a research team gathered information on which state high-

way agencies (SHAs) use RCA in the base or sub-base layers of

pavements. The survey result indicates that twelve SHAs use

RCA for either base or sub-base layer, and five SHAs do not use

RCA. 71 % of the respondents indicate that RCA alone is being

used in the base/sub-base layer, while 29 % of them use RCA

blended with other materials. Snyder and Bruinsma [4] investi-

gated the effects of RCA in pavement drainage, and reported

the potential of calcite precipitation, which can be related to the

amount of exposed cement paste. In addition, it was found that

washing the aggregate before use in the pavement can reduce

the accumulation of fines that can cause clogging issues associ-

ated with filter fabric.

Minimal sources have reported on the use of RCA in

exfiltration systems; however, Duval and Volusia counties in

Florida allowed the use of RCA as media in waste-water treat-

ment drainfields [5]. While neither county had evaluated the

performance of the RCA, state environmental specialists con-

ducted an evaluation of the RCA product and its reliability

over the use of conventional aggregate (limestone) [5]. Sher-

man et al. [5] investigated 45 drainfields for signs of failure.

The results show that only 2 of the 45 systems were classified

as a “system failure.” It is believed that the failed systems

were due to the use of an unapproved No. 57 aggregate. This

gradation, which is popular for use in concrete mix, is unsuit-

able for use in drainfields. The amount of fine particles from

this aggregate are believed to be the cause of failure, as drain-

fields require aggregates with maximum porosity, and few par-

ticles smaller than 5mm. The authors conclude that the RCA

equals or exceeds the standards of other approved materials,

as long as proper quality control is assured during the manu-

facturing process.

With proper quality control, the use of RCAs in exfiltration

trench systems such as French Drains would be beneficial; how-

ever, minimal investigations on the drainage performance of

RCAs have been conducted. French Drains collect water from

the roadway and transfer the water into slotted pipes under-

ground. The water then filters through coarse aggregate, and

passes out through geotextile (or filter fabric). The presence of

fine particles in the aggregate has the potential to clog the filter

fabric, or to significantly reduce its drainage efficiency. The fines

from RCA may pose additional clogging if they re-cement in

the pores of the filter fabric. This study has focused on the use

of RCA in French drain systems in the state of Florida; thus, the

design of testing follows the specifications of the Florida

Department of Transportation (FDOT).

This paper presents and discusses the practice on the use

of RCA as drainage materials in the U.S. and the permeability

performance of RCA. In particular, re-cementation, and the

short- and long-term permeability of RCA were investigated.

The re-cementation of RCA was evaluated by setting and

compressive strength tests. The effect of fines was evaluated

with 0, 2, and 4 % fines, and the long-term effects of these fines

were monitored for 100 days, with a constant head throughout

the test.

SURVEY ON PRACTICES AND POLICIES

A simple survey on the use of RCA was issued to all state high-

way agencies (SHAs) regarding their specifications and experi-

ences with RCAs. The survey questions were as follows: (1)

“Does your state Department of Transportation (DOT) use

RCA in exfiltration trench systems?”; (2) “Does your state DOT

have a specification for the RCA used in exfiltration trench?”;

and (3) “Has your state DOT experienced any problem (i.e.,

poor drainage performance, environmental issue, etc.) by using

RCA in drainage systems?”. The survey responses are summar-

ized in Table 1.

The survey result shows that none of the state DOTs cur-

rently use RCA specifically in exfiltration trench systems such

as French drains. Most state DOTs currently allow the use of

RCA in base and sub-base layers, embankment, borrow and

backfill materials, but not for drainage purpose. The use of

RCA in pavement base and sub-base layers is the most popu-

lar application; however, not many studies on the drainage

performance of RCA have been conducted. Another popular

use of RCAs is to replace fine aggregate in Portland cement

concrete (PCC). Several state DOTs reported problems with

RCA; thus, the specifications specifically do not allow the use

of RCA as drainage filter materials. The Ohio DOT reported

problems of RCA associated with re-cementation and calcite

precipitation (or referred to as tufa). The Kansas DOT also

reported a clogging problem, as well as killing vegetation

because of high pH. The New Jersey DOT has the same con-

cern about the pH of effluent and permeability concern, but

no actual field experience. Some state DOTs (e.g., Texas and

Oklahoma) do not prevent the use of RCA if it meets the

same specification as virgin materials; however, their specifica-

tions indirectly discourage the RCA as drainage material.

Most agencies showed strong interest in this research, and are

working toward allowing RCA in drainage applications.
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Materials and Experiments

MATERIALS

RCA was obtained from a local construction and demolition

waste recycling facility in Orlando, FL. Two 208-l drums of

RCA were obtained, and the material was advertised as No. 4

gradation. A gradation analysis according to ASTM D422-

63(2007)e2 [6] was performed, and the actual gradation

failed to comply with the No. 4 gradation, as shown in Fig. 1.

Thus, RCA “as is” specimens were recombined with smaller

fractions, so that No.4 aggregates within the maximum and

minimum limits were used in the permeability and clogging

tests.

PHYSICAL PROPERTIES OF RCA

The specific gravity and absorption of RCA were determined

in accordance with ASTM C127-12 [7]. The specific gravity

and absorption for No. 4 minimum limit, maximum limit,

and average were calculated by measuring the submerged

weight, saturated surface dry weight, and oven dry weight of

the RCA. The unit weight and % voids were measured as

specified in ASTM C29/C29M [8]. The bulk unit weight was

determined by filling a rigid wall container in three layers

with RCA. Each layer was rodded with 25 strokes, using a

tamping rod. With the unit weight and specific gravity, the %

voids for each gradation were then calculated. The abrasion

resistance of RCA was measured with the use of the

TABLE 1 Results from the nationwide survey.

State Question 1 Question 2 Question 3 Note

Alabama No No N/A Allowed in embankments.

New Jersey No No No pH of effluent and permeability concerns.

Indiana No No Yes, but not for drainage. Used as sub-base material. Concerns with fines, un-hydrated cement, and
leachate issues.

Oklahoma No No No specification for RCA, but technically allowed, if meets the current
specifications.

Georgia No No No

North Dakota No No N/A We have used it as a drainable base layer (cement stabilized), without any
problems.

Connecticut No No No

Washington No N/A N/A We have used RCA for base and sub-base effectively, and have a study
underway, to look at using it back in PCC.

Ontario No No N/A We use reclaimed concrete aggregate only in granular base/sub-base.

Arizona No No No

Montana No No N/A

Nebraska No No N/A We allow use of crushed concrete in our typical 4” foundation course below
PCC pavements, but not for drainage.

Texas No No No Our specifications do not prevent the use of RCA, but there are no know
uses of RCA for this purpose. The specifications are written that would
indirectly discourage use of RCA.

New Hampshire No No No

Ohio No No No Not allowed in underdrains with filter fabric, had issues with pH of runoff,
re-cementing, and tufa development.

Mississippi No No N/A Mississippi DOT uses and/or allows crushed concrete as a substitute for
crushed stone base, and as a substitute for granular material used on
shoulders.

Rohde Island No No N/A

South Carolina No No N/A

Maine No No N/A

Kansas No No Not approved for drainage applications, has caused clogging issues with
screens, and killed vegetation.

Utah No No N/A Allowed in Embankment, Borrow, and Backfill, if it meets the same
specification as virgin materials.

Louisiana No No N/A

New York State Not yet Not yet Current NYSDOT specifications do not allow RCA as a drainage filter
material. We allow RCA as embankment, as sub-base gravel, and as select
fill at this time.
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HM-70A Los Angeles Abrasion Machine, in accordance with

ASTM C535-12 [9].

CHEMICAL PROPERTIES OF RCA FINES

RCA was ground to fine particles (passing the No. 200 sieve),

by using a ball mill. The powder samples were then chemically

characterized using Energy dispersive X-ray (EDX) and

X-ray diffraction (XRD) analyses according to ASTM C295/

C295M-12 [10]. The EDX and XRD were used to characterize

the chemical compositions and crystallographic structure of

RCA fines, respectively. In the grinding process, unhydrated

cement grains can be exposed, and these can be detected in the

XRD analysis.

AGGREGATEWASHING

The effectiveness of multiple aggregate cleaning/washing meth-

ods was evaluated in order to identify the best fine-removing

method. Testing methods were designed to simulate aggregate

suspension, agitation, and pressure washing. All samples were

approximately 5 kg, and the mass lost was determined by meas-

uring the weight of each sample before and after the washing.

The testing setup for each washing method is shown in Fig. 2.

The detailed plan for each method is shown in Table 2. The sus-

pension test was performed using a wire mesh basket suspended

in water. This setup was necessary to allow suspended particles

to settle to the bottom of the water container, and also to

completely separate fines from the bulk aggregate sample. The

agitation and pressure-washing test was conducted using an

automated barrel mixer. Samples of RCA were placed in the

mixer with approximately 10 kg of water. The agitation test

involved tumbling of the RCA for 5, 10, and 15min under

water, in a concrete mixer. The pressure-washing test was

conducted in a similar manner to the agitation test; however,

the excess water was allowed to drain during the test, and a

water nozzle was mounted and directed at the aggregate. The

FIG. 1

Gradation analysis of RCA.

FIG. 2

Testing setup for automated aggregate

washing.
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mounted water nozzle ensured that the treatment received by

the RCA was consistent between each test.

RE-CEMENTATION OF RCA FINES

In order to evaluate the re-cementation of RCA fines, setting

and compressive strength tests were conducted. RCA fine sam-

ples were prepared by grinding bulk RCAs, and sieving with a

No. 200 sieve (75lm). The material passing the sieve was then

mixed with water in the water-to-solid ratio of 0.5. The purpose

of this re-cementation evaluation was to determine whether

RCAs produce cement hydration; thus, the typical water-to-

cement ratio of 0.5 was chosen. Control samples of virgin

cement were also mixed with the same water-to-cement ratio of

0.5. The setting time test was performed according to ASTM

C191-13 [11] and using a Vicat needle. The initial set time is

defined by the time required to achieve a penetration reading of

less than 25mm. The final set time is defined as the time

required such that a 1-mm diameter needle does not make a

fully circular indentation on the sample surface. Compressive

strength testing was conducted following the ASTM C39/

C39M-12 a [12] procedure for cement-paste and RCA-paste

specimens. The compressive strength of each sample was meas-

ured at days 7 and 28. Table 3 summarizes the compressive

strength test information of the sample. Samples were cast into 50-

mm diameter and 100-mm length cylinders. All cast samples were

cured in an environmental chamber that controlled the constant

temperature and humidity at 35�C and 99 %, respectively.

PERMEABILITY

The coefficient of permeability was measured using Darcy’s Law:

k ¼ Q � L
A � h � t(1)

where:

k¼ coefficient of permeability (cm/s),

Q¼ volume of discharge collected in time (t) (cm3),

L¼ length of the specimen (cm),

A¼ cross-sectional area of the specimen (cm2),

h¼ head, difference in elevation of head tank and tailwater

tank (cm), and

t¼ time to collect discharge, Q (s).

Figure 3 is a schematic diagram that shows the testing setup.

The testing setup consists of a 23-cm diameter permeameter,

constant-head tank, constant-head tailwater tank, collection (or

recycling) tank, and testing specimen. Since large voids in RCA

No. 4 aggregate allow for much faster flows than traditional soil

specimens, such as sand or clay, a falling-head permeability test-

ing setup should not be recommended. As a result of the high

flow rates, it is necessary to collect and recycle the water; thus,

water flow through the RCA No.4 aggregate was re-circulated.

This circulation system better simulates the in situ condition of

French drain systems, where post construction fines can enter

the filtration systems, and surrounding soils can continuously

supply fines.

The effect of a hydraulic system (e.g., permeameter size,

tube size, and head) had to be evaluated because the No. 4 gra-

dation has large void space; thus, the flow of water through the

media is fast enough for a turbulent flow regime. In such a case,

the limiting factor on the flow can be the permeameter, and/or

tube sizes that determine the conditions of the hydraulic system.

That is, if the flow rate through the aggregate is measured as

close enough to the flow rates of the empty hydraulic system,

then that material can have a higher flow capacity than what is

measureable with the current hydraulic systems that are avail-

able. Therefore, several tests were conducted without any RCA

material in the permeameter. Table 4 lists the different sizes of

TABLE 3 Compressive strength sample identification.

Sample ID Material W/C Ratio Tested at Day

A7 RCA fine 0.5 7

A28 RCA fine 0.5 28

C7 Cement 0.5 7

C28 Cement 0.5 28

FIG. 3 Constant head permeability test setup.

TABLE 2 Aggregate washing methods.

Suspension SuspensionþAgitation Pressure Washing

5min 5min 5min

10min 10min 10min

15min 15min 15min
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permeameter and tube that were used. All testing setups

included geotextile.

Figure 4 shows the results of permeability tests with the five

different hydraulic systems listed in Table 4. It is clear that the

tube size has a substantial impact on the flow of water. The

highest permeability coefficient was obtained with the 20-mm

tube, while the slowest permeability coefficient resulted from

the 6-mm tube. For the permeability test setup with RCA speci-

mens, therefore, H230-6 and H230-12 hydraulic systems were

chosen due to less variability being expected between the ranges

of applied heads.

RCA with the No. 4 average, minimum, and maximum gra-

dations, as well as “as is” gradation, were used for permeability

testing. Table 5 lists the samples prepared for the permeability

test. The permeability was also measured with the fine additions

of 2 and 4 %, and compared with the test result of the control

sample with 0 % fine addition (sample ID P4A6). The percen-

tages of fines addition are based on the FDOT standard specifi-

cation section 901–1.2 [13], which states that coarse aggregate

may not have more than 1.75 % fines at source, or 3.75 % at a

point of the jobsite, for L.A. abrasion values of 30 or greater.

For further investigation, long-term permeability tests (or

referred to as clogging tests) were conducted using the same

setup, in order to determine the long-term effects of the flow of

water through RCA. The effect of excess RCA fines (referred to

as physical clogging) was evaluated by performing the clogging

tests on the RCA specimens with 0, 2, and 4 % fines addition.

The flow rate of each sample was monitored over 100 days. In

this long-term permeability test, P4A6 seen in Table 5 was

selected as the control sample (0 % fine addition). For all

samples, the head was kept constant at about 35 cm, with the

re-circulation of water.

Results and Discussion

PHYSICAL PROPERTIES OF RCA

Table 6 summarizes the measured specific gravity, unit weight,

voids, L.A. abrasion, and absorption of the sampled RCA. There

are slight variations in the physical properties between the

No. 4 gradations. The specific gravity also varies slightly. Con-

sidering the RCA as C&D debris, it includes deleterious materi-

als, with different properties than crushed concrete. It is

important to note that the physical properties of RCAs may

vary, depending on the source location and material. For

example, concrete products made from different raw materials

(e.g., cement, aggregate, supplementary cementitious materials,

etc.) and different mix proportions significantly affect the

cement hydration products, resulting in different chemical and

physical behaviors of the final concrete products.

Percent void space is related to particle size; the void %

slightly decreases with an increase in particle size; that is, the

more open No. 4 gradation (minimum limit) has the highest

measured voids, while the closed grade No. 4 (maximum limit)

has the least measured voids. The large void content may also

allow for smaller overall dimensions for drain construction. The

L.A. abrasion value measured 43.70, which is under the FDOT

limit of 45 % [13]. This abrasion value indicates that RCAs are

very susceptible to degradation and the generation of fines

FIG. 4 Effect of permeameter and tube size on permeability.

TABLE 5 Sample information for permeability test.

Sample ID RCA Permeameter Size (mm) Tube Size (mm)

PE6 Empty 230 6

PE12 Empty 230 12

PA6 As is 230 6

PA12 As is 230 12

P4M6 No. 4, min. 230 6

P4M12 No. 4, min. 230 12

P4A6 No. 4, avg. 230 6

P4A12 No. 4, avg. 230 12

P4Mx6 No. 4, max. 230 6

P4Mx12 No. 4, max. 230 12

TABLE 6 Physical properties of RCA (No. 4 gradation).

Measured Property Minimum Average Maximum

Specific gravity 2.19 2.16 2.18

Unit weight (g/cm3) 1.22 1.21 1.25

Voids (%) 44.3 43.9 42.6

L.A. abrasion (%) 43.70 43.70 43.70

Absorption (%) 6.43 6.43 6.43

TABLE 4 Hydraulic system designs.

System ID Permeameter Size (mm) Tube Size (mm)

H150-6 150 6

H150-12 150 12

H150-20 150 20

H230-6 230 6

H230-12 230 12
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during the aggregate handling procedure, such as transporting,

stockpiling, or placing. In a study performed by Kuo [1], RCA

samples collected from seven Districts in the state of Florida

exhibited similar results. Kahraman and Toraman [15] reported

the L.A. abrasion values for virgin limestone aggregates at

28.9 % mass loss. The measured absorption values of RCA were

relatively high, compared to the typical absorption value of nor-

mal aggregates used in concrete, ranging from 0.5 to 4 % [16].

The higher absorption of RCA could decrease the water-to-

cement ratio for concrete mixture; thus, the workability will

decrease.

CHEMICAL PROPERTIES OF RCA FINES

Table 7 presents the chemical compositions of RCA fines

obtained from EDX. The major elements present within RCA

fines are Ca, Si, and Al, as the main chemical compositions of

concrete [17].

The mineral components of RCA determined using XRD

analysis are shown in Fig. 5. This shows that the main compo-

nents of RCA are calcite (CaCO3) and quartz (SiO2). This indi-

cates that RCA fines are mainly composed of hydrated cement,

sand, and limestone. These results are consistent with the EDX

results (see Table 7). There is no evidence for the existence of

portlandite (Ca(OH)2), which is the byproduct of cement

hydration. This is likely due to the carbonation process over

time [17–19], in which portlandite reacts with carbon dioxide

(CO2), and transforms into calcite. Additionally, the leaching of

portlandite during its storage time in outdoor stockpiles likely

occurs due to its high solubility [19,20]. This leaching process of

portlandite may be maximized in the state of Florida due to

the relatively high temperatures and humidity of the Florida

climate; this lack of portlandite in RCA has also been observed

in other research works [18,21–25].

AGGREGATEWASHING

Figure 6 shows the results for the series of fine-removing meth-

ods. As expected, pressure washing was the most effective

means of removing fine material, and suspension plus agitation,

and suspension follow, in that order. Longer washing times

result in more fines removal. Pressure washing with 15min of

treatment exhibits 10.4 % of mass lost, while suspension alone

shows 6.3 % of mass lost. Pressure washing is almost twice as

effective in removing the fines, compared to suspension alone.

RE-CEMENTATION

Table 8 shows the results of setting tests for the cement- and

RCA-paste samples. The results indicate that RCA involves no

measurement of an initial and final set. It is apparent that

the RCA does not develop sufficient strength gain during the

hydration process. The setting time test on the RCA sample was

terminated after 24 h, since no initial set was detected.

Additionally, at the final measurement of RCA at 24 h, the Vicat

needle was able to still penetrate the full depth of the sample.

The results of the compressive strength tests are shown in

Table 9. The cement-paste samples (C7 and C28) exhibited an

increase of strength from about 10 to 28MPa; however, the

RCA samples (A7 and A28) resulted in considerably lower

strengths of 0.1 and 0.4MPa at 7 and 28 days, respectively.

Comparatively, the RCA possesses only 1.6 % the strength of

virgin cement at 28 days. It was observed that the RCA samples

were very brittle and soft, and needed to be handled carefully,

because the samples could be broken apart by hand, or fall

apart, if submerged in water for several minutes. Clearly, very

little or no strength gain was developed in the RCA sample. The

apparent strength of RCA is more likely due to cohesion after a

decrease in water content [22,23]. It can be concluded that

re-cementation (or rehydration) of RCA is hardly expected

under the typical condition of road pavement system.

PERMEABILITY

Figure 7 presents the results of the RCA permeability tests listed

in Table 5. This clearly shows that none of the gradations

impose or restrict the flow of water by any means. It is assumed

that the flow rate of water for the RCA and the empty perme-

ameter are the same. As the hydraulic gradient increases, the

flow rate increases due to the higher velocity of water; however,

the coefficient of permeability decreases. These results support

that No. 4 RCA does not follow Darcy’s Law (Eq 1), because the

TABLE 7 EDX data: chemical compositions of RCA fines.

Element Measured Value (% by Weight)

C 20.98

O 37.43

Al 3.67

Si 3.68

Ca 34.24

Total 100.00

FIG. 5 XRD spectrum of the ground RCA sample.
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measured permeability is not constant, with respect to the

change in head.

The permeability was also measured with the addition of 0,

2, and 4 % RCA fines. These percentages of fine addition were

selected based on the FDOT Standard Specification Section

901–1.2. Figure 8 shows the results of this permeability test with

fine addition. As expected, an increasing amount of fines leads

to a reduction in flow rate. In the plot of hydraulic gradients

versus permeability coefficients, the permeability coefficient

decreases with increase of the hydraulic gradient. The fines

additions ranging from 0 to 2 % exhibit a small difference in

permeability, but the 4 % fines results in a significant reduction

in the permeability. Considering the brittleness of RCAs, the

amount of fines generated by aggregate handling activities

FIG. 6

Aggregate washing results.

TABLE 8 Results for time of setting test.

Material W/C Ratio Initial Set Final Set

RCA Fine 0.5 Not detected Not detected

Cement 0.5 5 h, 23min 9 h, 10min

TABLE 9 Compressive strength test results.

Sample Compressive Strength (MPa)

A7 0.1

C7 9.9

A28 0.4

C28 28

FIG. 7

Permeability measurements of the specimens (as shown in

Table 5) under varied hydraulic gradients.
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should be specified in construction sites at the moment of

usage.

GEOTEXTILE CLOGGING

Clogging tests (long-term permeability test) were conducted, by

monitoring the flow rate of RCA over 100 days. Figure 9

presents the results of the clogging tests; the clogging buildup

over time is presented in the form of flow rate. In the field, the

cause of clogging can be either accumulation of excess fines, or

calcite precipitation over time. The maximum flow rate

expected (plotted as the dashed line in Fig. 9) was determined

based on a separate test performed with the washed RCA No. 4

aggregate and 0 % fines. The flow rate was monitored for one

day, until a steady-state flow rate was observed. With the sam-

ple with 0 % fine, water leakage occurred between days 60 and

72; thus, no measurement of flow rate was made during that

period.

The initial flow rates measured with the 0, 2, and 4 % fines

were 12.6, 11.9, and 11.1 cm3/sec, respectively. Over time, the

flow rates for all samples were reduced through the process of

clogging, which included the deposition of fines and/or calcite

on the geotextile, through the re-circulation of water and fines.

The 4 % fines sample exhibits faster reduction in flow rate.

Increase of fines addition will accelerate the rate of clogging

buildup. The re-circulation system was designed to better

simulate an in situ drainage system, where a continuous source

of fines from surrounding soils is available (the so-called

“worst” environment). The specimens with 0 and 2 % fines

show slower reduction in flow rate, than the specimen with 4 %

fines. Around 100 days, a relatively flat trend of flow rate was

observed for the 0 and 2 % fine samples. Observed initial reduc-

tion in flow rate may be due to the immediate deposition of

fines on the geotextile; however, once the fines settle, the flow

reduction becomes minimal. On the other hand, the 4 % fine

sample shows a continuous reduction in flow rate, and about

82 % reduction in flow rate at 100 days.

LIMITATIONS AND RECOMMENDATIONS

The limitations of this study and future studies are discussed

herein. The scope of this study was to characterize the physical

and chemical properties of RCAs, and also to evaluate the per-

formance of RCA materials as potential drainage media in

French drain systems. However, in order to promote the benefi-

cial use of RCA in drainage systems, a future study that evalu-

ates the long-term performance of in situ systems needs to be

carried out. The future research will focus on the following

areas:

• The effect of varied material source of RCAs
• Long-term performance evaluation with in situ drainage

systems with RCAs

RCA can be obtained from any source; for example, side-

walks, building structure elements, highway bridges, pavements,

retaining walls, and so on. Concrete products made from differ-

ent raw materials and different mix proportion will significantly

affect the products of cement hydration; thus, the physical and

chemical properties and behaviors of RCA will be different. In

particular, the chemical composition of RCAs will significantly

influence re-cementation and calcite precipitation. Thus, the

drainage performance of RCAs can vary, depending on the

source of RCA materials. As one means of addressing

the material variation issue, this paper discusses the importance

of material characterization prior to the use of RCAs. A mean-

ingful alternative is to use petrographic analyses (e.g. EDX and

XRD) that are capable of characterizing and quantifying the

chemical components in RCAs.

Another recommendation is to conduct in situ study with

full-scale RCA drainage systems. One of the challenges that the

authors have faced is to relate the findings of the laboratory per-

meability tests to the in situ performance of the RCA exfiltra-

tion trench. Laboratory environments are apparently different

from in situ environments. The laboratory setup cannot match

FIG. 8 Effect of fines on permeability test under varied hydraulic gradients.

FIG. 9 Results of long-term permeability tests on the RCA specimens with

0, 2, and 4 % fines.
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the same level (e.g. quantity and frequency) of fine supplies

from surrounding soils, and CO2 level for calcination. Tempera-

ture and water saturation conditions will also differ between the

laboratory setup and in situ systems.

The authors clearly understand the limitations of the cur-

rent study. Thus, a Phase II project that can address the two

limitations of the current study is under development; construc-

tion of in situ/full-scale RCA French drain systems and long-

term performance monitoring will be included.

Summary and Conclusions

Some states have reported that RCAs have shown performance

concerns due to re-cementation or calcite precipitation of

RCAs; however, not many studies on the drainage performance

of RCAs have been performed, and even fewer studies are well

documented. Due to a lack of information on RCA’s drainage

performance and its field problems, many states have prevented

the use of RCA in exfiltration trench systems. This paper eval-

uated the potential use of RCAs as pipe backfill materials in

French drain systems, and investigated the current practices

and policies for the use of RCA in drainage media. Subse-

quently, multiple laboratory testing methods were employed,

not only to determine the physical and chemical properties of

RCAs, but also to evaluate the short- and long-term drainage

performance. Based on the findings, the conclusions drawn and

recommendations are summarized below:

• RCA involves aggregate handling procedures, such as
stockpiling, transporting, and placing, which can generate
a significant amount of fines. RCA has the potential to
generate a large amount of fines, based on the measured
value of L.A. abrasion of 43 %. Thus, the amount of fines
at construction sites should be checked.

• Based on laboratory methods, such as compressive
strength test, setting measurement, and XRD analyses,
RCA shows no tendency to re-cementate (or rehydrate)
over a short period of time. RCA re-cementation on
stockpiles have been reported; thus, further investigations
on long-term RCA re-cementation will be necessary.

• Based on the measurements, RCA No. 4 gradation does
not restrict the flow of water through the permeameters.
This is concluded based on the flow rates measured from
samples with RCA being identical with the flow rates
through empty permeameters. The flow of water is
predominantly controlled by the size and gradation of
aggregate; thus, RCA would have the same drainage per-
formance as other standard aggregates, such as granite,
dolomite, and limestone. On the other hand, aggregate
type controls the chemical composition of aggregate, and
thus will affect chemical reaction (e.g., calcite precipita-
tion) over a long period of time.

• The effect of RCA fines on the permeability was found to
be significant, based on the results with 0, 2, and 4 % fines

measured over time. Considering the recirculation of
water (“worst” in situ environment), the RCAs with 0
and 2 % did not exhibit significant difference; however,
the 4 % fines apparently reduced the flow of water by
more than 80 % reduction. Thus, it is recommended to
limit the fine content at job sites to no more than 2 %.
Alternatives are to utilize aggregate washing methods to
remove fines, prior to placing the aggregates in drainage
systems.

• RCA appears to have preferable qualities to serve as a
drainage media in French drain systems. The tendency to
produce RCA fines should be carefully considered, and it
is recommended that before its use, the RCA should be
properly treated, and should abide by the state standards.
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ABSTRACT

This study investigates the effects of steam and microwave curing on concretes containing

fly ash, blast-furnace slag, or silica fume. Two steam curing treatments, four microwave

curing times, and four types of concrete mix were used in this study. The test results

indicated that microwave heating could further increase the compressive strength of mortar

and concrete. Pozzolanic reaction of silica fume, fly ash, and blast-furnace slag was

observed to be further promoted by steam-microwave curing. Mortar and concrete samples

with 10 % silica fume added responded well to microwave curing. The strength gain

development of mortar and concrete appeared to level off after 40 min of microwave curing.

Thus, a 40-min microwave heating time appeared to be the optimal time for energy saving

consideration. The microwave-cured concrete did not show an increase in permeability

relative to the concrete that was steam-cured, but showed an increase in strength. Thus, the

microwave techniques could provide the advantage of quick and uniform heating for curing

of cement mortar and concrete.

Keywords

microwave heating, steam curing, compressive strength, chloride electrical penetrability

Introduction

Thermal acceleration method in concrete can benefit several operations in the construction indus-

try such as precast concrete fabrication. The quality of a steam cured precast concrete is affected

by curing time and temperature variables [1]. Steam curing might cause micro-cracks along the

interface of aggregate and cement paste. It has been reported that the strength of concrete by

steam curing could decrease in later stages such as 28 or 90 days while compared with concrete
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cured in air or in water [2]. Additionally, it requires a relatively

long period for curing since heat must diffuse inward from the

surface and the inherently non-uniform temperature can gener-

ate thermal cracking. Thus, microwave heating may be a poten-

tially attractive method for accelerating cement hydration [3].

The pioneering study of Watson [4] shows that 28-day

compressive strength of microwave cured concretes displayed

only half the strength of the normally cured concretes. How-

ever, his results were uncertain because the temperature of the

specimens might have fluctuated due to the pulsed microwave

energy which he used. Moreover, an internal temperature of

90 �C was reached at which cracks could be generated, resulting

from the escape of steam from the interior side [5]. However,

Wu et al. reported that microwave heating improved the 28-day

compressive strength of mortar as much as 3 %–7 % as well as

enhancing short-term strength [6]. They emphasized optimiza-

tion of the internal temperature and the final water cement ratio

of the specimen, controlling processing time and microwave

power. Too much microwave energy could cause a decrease in

strength due to overvaporation and overheating [7]. The results

from Pheeraphan and Leung [8,9] indicated that microwave

curing could impair the freeze-thaw durability of high w/c con-

crete but not for low w/c concrete. In addition, under micro-

wave curing, the decrease in strength due to air entrainment

becomes more significant. Based on these observations, it is rec-

ommended that for microwave cured air-entrained concrete, a

low w/c ratio, should be employed.

The main aim of the work presented here is to assess the

acceleration of strength development in steam curing and/or

microwave heating and to evaluate the strength and permeability

of concretes containing fly ash, blast-furnace slag, or silica fume.

Experiments

Preparation of material is first described, followed by the speci-

men preparation, curing method, and the chloride electrical

penetration test [3].

MATERIALS

Both mortar and concrete specimens are made with a Type I

Portland cement but with different mineral admixtures. A Type

I cement, a class F fly ash, a ground blast furnace slag, and a

silica fume were used. The chemical compositions of the cement

and admixtures used are shown in Table 1 [10].

An Ottawa sand was used to make the mortar samples,

while local construction sand and crushed gravel were used to

make the concrete samples.

SPECIMEN PREPARATION

Mortar Samples

50-mm mortar cubes with or without different mineral admix-

tures, were prepared according to ASTM C109-13 [11] and

used to investigate the effects of microwave and steam curing

on the compressive strength development. For mortar samples,

the cement/sand ratio was fixed at 1:2.75 and the mix propor-

tion of mortars used was shown in Table 2. The factors consid-

ered and the combinations of mortar samples used are shown

in Table 3.

Concrete Samples

Concrete cylinders, 50mm in diameter and 100mm in height,

were used for the compressive strength test. The other concrete

cylinders, 100mm in diameter and 200mm in height, were used

for the rapid chloride permeability test. For concrete samples,

the water/binder ratio was fixed at 0.55 and the mix proportion

of concretes used was shown in Table 2. The factors considered

and the combinations of concrete samples used are also shown

in Table 3.

CURING METHOD

This study was conducted to assess the acceleration of strength

development by steam curing and/or microwave heating and to

evaluate the strength and permeability of these concretes. Two

steam-curing temperatures (65 and 75 �C) and one curing time

(7 h) were used in this investigation. Two combinations of

steam-curing cycle were chosen as (a) 65 �C and 7 h and (b)

75 �C and 7 h. After the steam-curing cycle and demolding, the

TABLE 1 Chemical compositions of cement and mineral admixtures.

Compositions Cement Fly Ash Slag Silica Fume

CaO 64.05 3.26 40.82 0.52

SiO2 21.02 56.14 33.68 95.00

Al2O3 5.78 22.26 14.32 0.10

Fe2O3 3.20 7.48 3.23 0.03

MgO 1.65 1.36 7.88 1.10

SO3 2.35 0.58 0.73 0.50

Na2O 0.21 0.50 0.29 0.02

K2O 0.63 3.10 0.23 0.20

Free Lime 0.96 � � �
C3S 55 � � �
C2S 19 � � �
C3A 10 � � �
C4AF 7 � � �
Loss on Ignition 1.13 3.55 0.22 2.45

Fineness (m2/g) 0.33 0.30 0.36 25.00

Specific Gravity 3.15 2.22 2.95 2.20

TABLE 2 Mix proportions of mortar and concrete.

Batch Weight

Mix W/C C W A F

Mortar 0.45 500 g 225 g 0 1375 g

Concrete 0.55 360 kg/m3 198 kg/m3 1082 kg/m3 700 kg/m3

Note: C¼ cement, W¼water, A¼ coarse aggregate, F¼fine aggregate.
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mortar or concrete samples were cured in water for 17 h. The

microwave curing method for accelerating cement hydration

was then applied at this stage. A Tatung Electronics Model

TMO-2071M microwave oven with 700 watts power was

employed [12]. Four microwave heating treatments (0, 20, 40,

and 60min) were used. The specimens were placed in a glass

container with 1000ml of water in it, and the glass container

was placed in the microwave oven for the specified amount of

time (see Fig. 1). After microwave heating treatments (20, 40,

and 60min), the samples were heated and water in the glass

container was vaporized so its temperature could reach 100 �C.

The curing factors considered and the combinations of mortar

and concrete samples used are shown in Table 3 and 4, respec-

tively. After microwave heating, the samples were cooled to

room temperature and immediately placed in lime-saturated

water until testing was begun.

CHLORIDE ELECTRICAL PENETRATION TEST

The chloride electrical penetration test, designated as ASTM

C1202-12 [13], was the test proposed for rapid qualitative

assessment of chloride permeability of concrete. This method

has been used previously to investigate mineral admixture

effects on resistance to chloride ion penetration, the influence of

aggregate fractions, and curing conditions and pore sizes related

to the penetration of chloride ions [12]. This test is not a true

measure of concrete permeability. The test measures the electri-

cal conductance of the concrete, which can be correlated to con-

crete permeability. The test measures the amount of electrical

charge (in coulombs) which passes through a 50mm thick by

100mm diameter saturated concrete specimen during a 6-h

period. A potential difference of 60V is maintained across the

ends of the specimen. A concrete with a high permeability will

allow a high amount of current to pass through the concrete

and, therefore, have a high coulomb value. A concrete with a

low permeability will result in a low amount of current passing

through the concrete and therefore have a low coulomb value.

A concrete having a total charge passed of less than 2000C and

more than 4000C is considered to have a low permeability and

a high permeability, respectively.

The chloride electrical penetration testing of steam and

microwave cured concrete was performed on the laboratory

cured 100 by 200mm concrete cylinders at the ages of 2 and 28

days.

Experimental Results and

Discussion

MORTAR

The results of 1-day compressive strength tests on the mortar

samples for the eight combinations of steam and microwave cur-

ing methods are displayed in Table 4. The results show that the

higher curing temperature or longer curing time produced

higher early strength for all four mortar mixes. The results also

indicate that the strength of cement mortars increases as a result

of microwave heating. The amount of the strength gain was

about 10MPa by using a 20-min microwave heating. The

amount of the strength gain was from 15 to 25MPa by using 40

or 60min of microwave heating. The % strength development

due to microwave curing, which is the ratio of the strength of

the microwave-cured sample minus that of the steam-cured

sample to the 28-day strength of the normally cured sample, was

computed for the different steam-cured temperature and mix.

The results of % strength development are shown using line

graphs in Figs. 2(a) and 2(b). These graphs give a good indica-

tion of the % strength development of the various mortar mixes.

The mortar incorporating 20 % fly ash or 40 % slag developed

strength at a relatively slower rate than the control mortar. The

samples with 10 % silica fume added responded to microwave

curing very well and had a high % strength development.

CONCRETE

Compressive Strength Testing

The results of 1-day and 28-day compressive strength tests on

the concrete samples for the eight combinations of steam and

TABLE 3 Test combinations of mortar and concrete samples.

Mixture Binder Replacement Steam Curing Temperature Steam Curing Time Microwave Curing Time

(1) Mortar (1) 100 % Cement (1) 65 �C 7 hours steam curingþ 17 hours water curing (1) 0min

(2) 10 % Fume Ash (2) 20min

(2) Concrete (3) 20 % Fly Ash (2) 75 �C (3) 40min

(4) 40 % Slag (4) 60min

FIG. 1 Specimen in microwave oven.
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microwave curing methods are displayed in Tables 5 and 6,

respectively. The results show that the higher curing tempera-

ture or longer curing time produced higher early strength for all

four concrete mixes. The results also indicate that the strength

of concrete was increased by microwave heating. The amount of

the strength gain was close to 5MPa by using 20min microwave

heating. The amount of the strength gain was from 10 to

15MPa by using 40 or 60min of microwave heating. The differ-

ence of the strength gain between mortar and concrete by using

40 or 60min of microwave heating could be cement content or

size effect. High early compressive strength of steam and

microwave cured concrete was obtained while its 28-day

strength was slightly lower than the 28-day strength of normally

water-cured ones. Percent strength development due to micro-

wave curing, which is the ratio of the strength of the

microwave-cured sample minus that of the steam-cured sample

to the 28-day strength of the normal cured sample, was com-

puted for the different steam-cured temperatures and mixes

[10]. The results of % strength development are shown using

line graphs in Figs. 3(a) and 3(b). These graphs give a good indi-

cation of the % strength development of the various concrete

mixes. The concrete incorporating 20 % fly ash or 40 % slag

developed strength at a relatively slower rate than the control

concrete. At 28-day curing, the strength of the fly ash concrete

or the slag concrete was still generally slightly lower than that of

the control concrete. The strength development due to micro-

wave heating appears to level off after 40min of microwave

heating. Thus, a 40-min microwave heating may be the opti-

mum length of time for energy saving consideration [12].

Chloride Electrical Penetration Test

The results of the chloride electrical penetration test are sum-

marized in Table 7 for the samples after 2-day curing and Table

8 for the samples after 28-day curing. It can be seen from these

tables that the test values for one of the curing methods (20-

min microwave curing) are significantly higher than the values

of the other curing methods. Among the four types of concrete

evaluated, the silica–fume concrete shows the lowest permeabil-

ity at all curing methods and ages. It can be seen that the con-

crete permeability drastically decreases with the silica fume

addition. At 2-day curing, the fly ash concrete showed substan-

tially higher permeability value than the control concrete, while

the silica–fume concrete and the slag concrete had a lower per-

meability than the control one in Fig. 4. At 28-day curing, the

fly ash concrete was very close to the control concrete in the

chloride electrical penetration test, while the silica–fume con-

crete and the slag concrete had lower permeability than the con-

trol one in Fig. 5.

TABLE 4 Result of 1-day compressive strength of cement mortars with steam and microwave curing (MPa).

Microwave Curing (minute)

Mortar Curing 0 20 40 60 28-day Water Curing

100 % Cement 7 hr 65�C steam curing 26.61 35.71 43.16 45.89 51.96

7 hr 75�C steam curing 30.79 37.79 49.26 50.43

10 % Fume Ash 7 hr 65�C steam curing 32.96 48.25 57.18 57.11 66.11

7 hr 75�C steam curing 37.12 48.56 62.98 63.40

20 % Fly Ash 7 hr 65�C steam curing 19.83 27.14 32.90 33.77 47.93

7 hr 75�C steam curing 24.12 32.14 37.27 38.33

40 % Slag 7 hr 65�C steam curing 19.71 27.14 31.69 31.89 43.27

7 hr 75�C steam curing 21.15 29.44 33.88 35.07

Note: Each value is the average of 3 test specimens.

FIG. 2 (a) Comparison of 1-day compressive strength of mortar with 65 �C

steam and microwave curing (MPa). (b) Comparison of 1-day

compressive strength of mortar with 75 �C steam and microwave

curing (MPa).
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One objective of this study was to determine if the steam-

microwave curing of the specimens increases the permeability

of the concrete. The test results show that the steam-microwave

cured tests had slightly higher permeability values as compared

with the concrete that was water cured for 28 days. Therefore,

for the conditions used in this study, the steam-microwave cur-

ing of the concrete had little effect on the concrete permeability.

The microwave-cured concrete did not show an increase in per-

meability relative to the concrete that was steam-cured, but did

show an increase in strength development. As can be seen in

Tables 7 and 8, the average permeability of the 28-day cured

concrete was significantly lower than that of the 2-day cured

concrete.

TABLE 5 Result of 1-day compressive strength of concretes with steam and microwave curing (MPa).

Microwave Curing (minute)

Concrete Curing 0 20 40 60 7-Day Water Curing

100 % Cement 7 h 65 �C steam curing 20.10 24.82 31.50 32.45 31.82

7 h 75 �C steam curing 21.81 28.50 37.67 37.24

10 % Fume Ash 7 h 65 �C steam curing 17.05 23.29 32.18 32.63 33.35

7 h 75 �C steam curing 18.35 24.28 33.53 33.54

20 % Fly Ash 7 h 65 �C steam curing 14.26 18.91 24.09 24.29 24.79

7 h 75 �C steam curing 15.53 20.72 27.80 28.43

40 % Slag 7 h 65 �C steam curing 10.51 13.00 19.55 19.98 21.20

7 h 75 �C steam curing 13.63 17.53 22.06 22.02

TABLE 6 Result of 28-day compressive strength of concretes with steam and microwave curing (MPa).

Microwave Curing (minute)

Concrete Curing 0 20 40 60 28-Day Water Curing

0 20 40 60

100 % Cement 7 h 65 �C steam curing 35.28 37.23 39.38 35.70 39.20

7 h 75 �C steam curing 33.52 35.37 37.84 37.12

10 % Fume Ash 7 h 65 �C steam curing 41.25 37.26 43.44 37.12 45.83

7 h 75 �C steam curing 39.18 35.40 39.10 35.27

20 % Fly Ash 7 h 65 �C steam curing 32.07 28.37 30.11 26.72 35.63

7 h 75 �C steam curing 30.46 26.94 28.60 26.38

40 % Slag 7 h 65 �C steam curing 29.10 24.73 26.39 24.98 32.33

7 h 75 �C steam curing 27.64 23.50 25.07 24.48

FIG. 3 (a) Comparison of 1-day compressive strength of concrete with 65 �C

steam and microwave curing (MPa). (b) Comparison of 1-day

compressive strength of concrete with 75 �C steam and microwave

curing (MPa).

TABLE 7 Result of 2-day chloride ion penetration of concretes with

steam and microwave curing (coulombs).

Microwave Curing (minute)

Concrete Curing 0 20 40 60

100 % Cement 7 h 65 �C steam curing 8984 9203 6839 6986

10 % Fume Ash 4558 5335 3954 4848

20 % Fly Ash 8992 9613 7160 8825

40 % Slag 5698 6669 4943 6060

Note: Each value is the average of 2 test specimens.
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Conclusions

The main findings from this study are summarized as follows:

(1) The 1-day strength results show that the higher curing
temperature and longer curing time produced higher
early strength for all mortar mixes.

(2) The mortar test results indicated that microwave heating
could further increase the compressive strength of the
mortar. The mortar samples which combine 7-h steam
curing at 75 �C plus 40-min microwave heating had a
high % strength development.

(3) High early compressive strength of the steam and micro-
wave cured mortar or concrete was obtained while its
28-day strength was slightly lower than the 28-day
strength of normally water-cured ones.

(4) The strength gain development of mortar or concrete
appeared to level off after 40min of microwave curing.
Thus, a 40-min microwave heating time appeared to
be the optimal length of time for energy saving
consideration.

(5) The mortar test results indicated that microwave heating
could further increase the compressive strength of the
mortar. The amount of strength gain was about 10MPa
by using 20min microwave heating, and was from 15 to
25MPa by using 40 or 60min microwave heating.

(6) Pozzolanic reaction of silica fume, fly ash, and slag could
be further promoted by steam-microwave curing. Mor-
tar samples with 10 % silica fume added responded well
to microwave curing. The addition of silica fume
resulted in a reduction in the permeability of concrete.

(7) The 28-day chloride electrical penetrability of the accel-
erated curing samples reduces greatly when curing them
in water after the accelerated curing. To produce con-
crete with low permeability, pozzolanic materials (i.e.,
silica fume, furnace slag) should be used.

(8) The microwave-cured concrete did not show an increase
in permeability relative to the concrete that was steam-
cured, but showed an increase in strength. Thus, micro-
wave heating may be a potentially attractive method for
accelerating cement hydration.
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ABSTRACT

The current study evaluates the role of lime and the curing period on the compressibility and

durability characteristics of two expansive semiarid soils samples originating from Saudi Arabia.

The compressibility behavior of these soil samples was evaluated using a range of loading

periods of time. Starting with a minimum practicable loading period of 0.5 h, the loading

periods were progressively increased to 1, 2, 4, 8, and 24 h. It has been observed that the

addition of lime significantly reduces the compressibility behavior of both the selected soils.

The study shows that, for a given consolidation pressure increment, an increase in the duration

of loading time produces a moderate increase in the final equilibrium void ratio values. In order

to evaluate the durability characteristics, lime leachability tests (amount of lime that is

converted into soluble form by dissociation into calcium and hydroxyl ions) were conducted on

compacted specimens at varying lime contents on samples cured for 1, 7, 14, and 28 days.

Analysis of the soil samples subject to increasing periods of curing time show a considerable

decrease in the concentration of calcium. This is due to the transformation of amorphous lime

into a stable crystalline form, which leads to the formation of pozzolanic compounds.
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Introduction

The compressibility characteristics of soil are of prime impor-

tance in the context of designing civil engineering applications.

The compressibility characteristics of natural clays are influenced

by a range of factors, which include sample disturbance, water

content, dry density, strain rate, type and amount of clay mineral,

type of exchangeable cation, duration of pressure increment,

stress path, and stress history [1,2]. Expansive soils expand on

absorbing water, and shrink on drying out. Owing to these char-

acteristics of expansive soils, suitable treatment techniques are of-

ten employed to improve the engineering properties of these

soils. Lime is an excellent choice for modifying the properties of

soil on a short-term basis. Lime is used extensively in civil engi-

neering applications to stabilize expansive soils [3], as well as in

treating distress in pavements [4]. Addition of lime to expansive

soils causes clay particles in these soils to flocculate, which aids in

the formation of inter-particle cementation bonds [4,5].

Earlier studies relied on consolidation tests which were

carried out in accordance with either ASTM D2435-04 [6] or

BS 1377-Part 5-1990 [7]. These consolidation tests require that

each load increment, applied to the soil sample under test, be

held constant for a particular duration (usually 24 h), providing

sufficient time to allow the 100 % completion of primary con-

solidation. A typical test on plastic soils normally comprises six

increments of loading, each loading held constant for a period

of 24 h. It takes more than a week for the tests to complete since

plastic soils undergo both primary and secondary consolida-

tions at a very slow pace. During this period, if the material is

pozzolanic (ability to form cementitious compounds with

water), the results will affect the compressibility nature of the

material after the soil has undergone considerable changes in

particle surface characteristics due to cementation reactions [8].

Furthermore, geo-materials with stabilizing agents undergo

primary consolidation very quickly and require a shorter time

period for each load increment [8,9]. In order to understand the

effect of loading duration on the compressibility characteristics

of lime treated soil, a series of laboratory fixed ring one dimen-

sional oedometer consolidation tests have been undertaken,

using a range of loading interval time periods. In view of the

fact that duration of a loading increment less than 30min is not

practicable, the loading increment time periods have been var-

ied as 0.5, 1, 2, 4, 8, and 24 h.

Furthermore, in most of the applications such as structural

fills, liners and landfill covers, road bases, embankments etc., lime

treated soils are often prone to the leaching of lime [10,11], which

reduces the lime content in the stabilized clay matrix, affecting

their performance [12,13]. This lime leaching from the clay ma-

trix severely hampers the rate at which pozzolanic reactions pro-

ceed. The slower pace of pozzolanic reactions increase the

material porosity as well as its hydraulic conductivity. In addi-

tion, these reactions reduce the mechanical and engineering

properties of the material. Hence, the durability of lime treated

soils is dependent on the leachability of lime from the matrix.

This study incorporates lime leachability tests on both the sample

expansive soils stabilized with lime. The effects of important pa-

rameters such as the proportion of lime content, duration of the

curing period, and the flow period on the leaching of lime have

been studied. The process used for the retention of lime, and

mechanism used to achieve the effect, are integral to this study.

Materials

SOILS

The expansive soil samples used in this study were sourced

from two sites in the towns of Al-Ghat and Al-Qatif in the

Kingdom of Saudi Arabia. Al-Qatif is a historic, coastal oasis

region located on the western shore of the Persian Gulf in the

Eastern Province of Saudi Arabia (26� 560 000 N, 50� 10 000 E).

Al-Ghat is a town located 270 km to the Northwest of Riyadh

(26� 320 4200 N, 43� 450 4200 E). While soil from both the sample

sites is expansive in nature, the soils differ in their degree of

expansivity and mineralogy. Sampling from both the terrain

sites was carried out at a depth of 3m. The physical

properties and chemical composition of these soils are pre-

sented in Tables 1 and 2, respectively. The two sample soils used

in this study are classified as clays with high plasticity, as per

the Unified Soil Classification System (USCS).

LIME

Analytical grade Calcium Hydroxide, sourced from Winlab

Chemicals, UK, has been used in the present study.

EXPERIMENTAL METHODS

The presence of predominant minerals in both the sample soils

were determined by carrying out X-ray diffraction (XRD), using

the Bruker D8 Advance system. The soil samples were scanned

from 2� to 60� (2h) using a 2.2 kW Cu anode long fine focus

ceramic X-ray tube at a scanning rate of 1� per minute. Figure 1

depicts a comprehensive XRD analysis. Basically, the Al-Ghat

soil sample predominantly consists of kaolinite mineral,

whereas Al-Qatif soil sample consists montmorillonite, a typical

TABLE 1 Physical properties of the soils.

Physical Property Al-Ghat Al-Qatif

Liquid limit (%) 62 137

Plastic limit (%) 30 60

Shrinkage limit (%) 17 22

Plasticity index (%) 32 77

Linear shrinkage (%) 31 77

% Finer than 200lm 87.3 99.1

USCS classification CHa CH

aCH refers to clay with high plasticity.
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swelling mineral. The target lime content percentages of 2 and 4

were added to the sample soils, on dry weight basis. The maxi-

mum proctor density values corresponding to each percentage

of lime addition is shown in Fig. 2, and were determined by

employing the mini compaction test procedure [14]. In case of

the soil sample from Al-Ghat, it has been observed that an

increase in the lime content of the soil decreases its maximum

dry density. In case of the soil sample from Al-Qatif, no such

consistent result was observed (Fig. 2). The maximum dry den-

sity and the corresponding optimum moisture content values at

different lime contents are provided in Table 3.

The representative soil, after dry mixing with lime,

was mixed with the amounts of water corresponding to the

respective Proctor maximum dry densities, for each percentage

of lime. The wet mixed material was then compacted using a

static compaction technique, with the aid of a cylindrical con-

solidation metal ring of 75mm diameter and 16mm height,

corresponding to the ASTM D2435-04 [6] specification. The

entire assembly was then mounted in the consolidation cell and

positioned in the loading frame. At the commencement of the

test, an initial seating load of 6.25 kPa was applied, and the dial

gauge reading was allowed to stabilize. Next, the sample was

inundated with water and this point marks the start of the test.

The duration of each load increment was varied as 0.5, 1, 2, 4, 8,

and 24 h. Starting from the initial seating load of 6.25 kPa, all

the soil samples were loaded to 800 kPa, while maintaining a

standard load increment ratio of unity for each specified dura-

tion of load increment. For each pressure increment, the Void

ratio–log consolidation pressure curves were plotted and the

coefficient of compressibility values (Cc) were calculated. A

minimum of three tests were carried out in each case, in order

to validate the results for repeatability and reproducibility.

TABLE 2 Chemical composition of the soils.

Chemical Composition (%) Al-Ghat Al-Qatif

Kþ 1.1 1.8

K2O 1.3 2.2

Al 7 3.3

Al2O3 13.3 6.3

Si 9.8 8.1

SiO2 21 17.3

Caþ2 1.4 0.7

CaO 2 0.9

FIG. 1

X-ray diffractographs of selected soils.

FIG. 2 Compaction curves of selected soils.
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Durability studies were carried out using specially fabri-

cated Perspex molds. The inner sides of the perspex molds were

coated with a thin layer of silicon grease in order to ensure a

good contact between the compacted material and the inner

surface of the mold. All test samples were compacted to their

maximum dry density and corresponding optimum moisture

content values (Table 3), as per ASTM D5856-07 [15]. Poly

Tetra-Fluoro Ethylene (PTFE) screens were fixed to the top and

bottom of the perspex molds. Chemically inert glass beads, each

measuring 0.5 cm diameter, were sandwiched between the two

PTFE screens at both ends of the perspex molds in order to

ensure uniform flow of water throughout the cross section of

the compacted specimen. The perspex molds with the

compacted specimen were kept in a desiccator maintained at a

relative humidity greater than 95 %, and cured for periods of 7,

14, and 28 days. After curing the specimen, the perspex mold

was fitted into the position and connected to the flexible tube.

Then, water of a millipore grade was allowed to flow through

the specimen and the pressure for the water was derived from

an overhead water tank maintaining a hydraulic gradient of 10

at any given point of time. An air vent, attached to the top of

the perspex mold, was used to remove entrapped air, if any.

Leachate was collected in sampling bottles. The concentration

of the calcium in the leachate was analyzed on the spot, using

the Jenway calcium ion electrode. In each case, these tests were

repeated at least thrice, in order to validate the results for

repeatability and reproducibility.

Results and Discussions

EFFECT OF DURATIONOF LOADING INCREMENT ON THE

COMPRESSIBILITY BEHAVIOR OF UNTREATED SOILS

Figure 3 shows the void ratio–log pressure curves for Al-Ghat

sample soil, at different durations of load increments, and with

different levels of lime contents. In case of the soil sample with-

out any added lime content, it has been observed that, the final

equilibrium void ratio increases with the increase in duration of

loading. It has been observed that as the duration of the of load

increment increases, the difference in change in void ratio

becomes smaller (Fig. 3). This is due to the fact that, for a soil

mass under compression, at any given surcharge load, the

volume change is predominantly due to the slipping of grains,

one relative to another. The grains that have slipped do not

spring back to their original positions upon removal of the

stress. However, there is a small elastic rebound under low pres-

sures, and this is attributed to the elastic compression of the

adsorbed water surrounding the grains. This is particularly true

in case of kaolinite mineral rich clays [8]. In case of the Al-Ghat

soil sample without any added lime content, the void ratio–log

consolidation pressure curves are nearly parallel (Fig. 3). The

data here indicate that duration of loading does not affect the

compressibility characteristics of the sample soil.

The Al-Qatif soil is rich in montmorillonite mineral

content. The compressibility behavior of Al-Qatif soil sample

without any added lime content is presented in Fig. 4. The com-

pressibility behavior of this untreated soil sample is primarily

governed by the long range electrical repulsive forces (forces

originating from tightly adsorbed ions, dissociated surface

groups, or substituted ions within the crystal lattice). The swel-

ling phenomenon observed during the initial seating load of

6.25 kPa, as seen in Fig. 4, is relatively more in the Al-Qatif clay

sample than in the Al-Ghat clay sample (Fig. 3). This swelling

phenomenon is due to the presence of montmorillonite and

palygorskite mineral (Fig. 1) in the sample soil. These minerals

induce considerable swelling upon interaction with water. Simi-

lar observations were also reported for black cotton expansive

soils, rich in montmorillonite mineral [16]. In case of the

Al-Ghat soil sample, the resultant compressibility is predomi-

nantly contributed by two factors. One dominant contributor to

TABLE 3 Variation of maximum dry density and the corresponding optimum moisture content values at different lime contents.

Al-Ghat Al-Qatif

Lime (%) Maximum Dry Density (g/cm3) Optimum Moisture Content (%) Maximum Dry Density (g/cm3) Optimum Moisture Content (%)

0 1.52 24 1.2 43

2 1.43 27 1.12 47

4 1.41 29 1.08 49

FIG. 3 Effect of lime content and duration of loading increment on the

compressibility behavior of Al-Ghat soil.
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the resultant compressibility is the shearing resistance at the

near contact points. The other prime contributor is the change

in volume of the sample soil owing to shear displacement and/

or sliding between particles.

Hence, at higher durations of loading increments exceeding

2 h, relatively higher swelling has been observed in case of the

Al-Qatif soil sample (Fig. 4) than in case of the Al-Ghat soil

sample (Fig. 3). In case of the Al-Ghat soil sample, the Cc

increases with increase in consolidation pressure, when the

load increment duration is maintained at 30min (Fig. 5). When

the loading increment duration is increased in the range

100–800 kPa, the Cc values remain unaffected (Fig. 5). Similar

observations were noted in case of Al-Qatif soil sample (Fig. 6).

It is noteworthy that the Cc values increase with increase in

consolidation pressure, irrespective of the duration of loading

increment adopted. However, the % increase in the values of Cc

is higher in case of a loading increment of a duration 24 h, than

in case of a loading duration of 30min, in case of Al-Qatif soil

sample (Fig. 6), when compared to Al-Ghat soil sample (Fig. 5).

The higher values of Cc are predominantly due to higher spe-

cific surface area available in case of Al-Qatif clay 124.25 (m2/g)

(Table 1), which allows it to have both exposed extensive internal

and external lamellae surfaces available for swelling, a virtue of

clays characteristically opulent in montmorillonite and smectite

minerals [17].

EFFECT OF DURATIONOF LOADING INCREMENT ON THE

COMPRESSIBILITY BEHAVIOR OF LIME TREATED SOILS

Figures 3 and 4 depict the effect of the addition of lime in differ-

ent proportions to the soil samples, and the range of loading

increment durations have on the void ratio–consolidation pres-

sure relationship curves, of both Al-Ghat and Al-Qatif soil sam-

ples. From Fig. 3, it can be observed that at any pressure, the

final equilibrium void ratio increases with increases in the dura-

tion of loading, as in the case of soil samples not treated with

lime. However, the difference in the change in void ratio is fur-

ther reduced with the increase in duration of loading increment,

at 2 % lime addition to each of the two soil samples (Figs. 3

and 4). With the increase in lime content to 4 % in both the soil

samples, the flocculation reactions are more pronounced as

more number of cations are displaced from the clay matrix by

calcium ions. The net result is a dense flocculated structure with

relatively higher concentration of crystallized calcium ions.

With increase in lime content (4 %), the release of silica and

alumina phases from the clay particle surfaces aid in bridging

the individual clay particles due to the formation of relatively

strong pozzolanic bonds. The cementitious gel formed around

the individual clay particles due to pozzolanic reactions holds

them intact and resists any further compression.

FIG. 4 Effect of lime content and duration of loading increment on the

compressibility behavior of Al-Qatif soil.

FIG. 5 Effect of lime content and duration of loading increment on the

coefficient of compressibility values for Al-Ghat soil.

FIG. 6 Effect of lime content and duration of loading increment on the

coefficient of compressibility values for Al-Qatif soil.
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Furthermore, with an increase in lime content from 2 to

4 %, there is a net increase in effective porosity, which aids in

better release of built up pore water pressures upon application

of surcharge loads. In case of lime treated soils, if the duration

of loading increment is increased from 30min to 24 h, the soil

sample has relatively more curing time during which pozzolanic

reactions occur between the clay matrix and calcium ions,

leading to the formation of cementitious compounds. These

pozzolanic cementitious compounds bind clay particles and

improve the strength and stiffness, resulting in an increased

resistance to compression [8], as seen in Figs. 3 and 4.

Typical swelling phenomenon upon addition of lime, at an

initial seating load of 6.25 kPa, as seen in Figs. 3 and 4, is rela-

tively more pronounced in Al-Qatif soil sample compared to

the Al-Ghat soil sample. The typical swelling phenomenon is

attributed to the fact that, with increase in lime content, the pH

of the soil–lime system increases, which in turn increases the

charge on the clay particles [10,11,18]. The increase in the

charge on the clay particles results in a net increase in the thick-

ness of a diffused double layer, owing to increased repulsion

between individual particles of clay. As a result, a relatively

higher swelling is noticed in the Al-Ghat soil sample (Fig. 3),

which is otherwise relatively non-swelling compared to the

Al-Qatif soil sample. Moroever, at any given level of consolida-

tion pressure, for an increase in lime content, the coefficient of

compressibility values reduce at higher duration of loading

increments (24 h), in case of both Al-Ghat and Al-Qatif sample

soils, as seen in Figs. 5 and 6, respectively. The practical

applicability of both Al-Ghat and Al-Qatif lime treated soils is

in construction of embankments, as well as structural fills. Since

the coefficient of compression values of these lime treated soils

is practically marginal after 30min, these lime treated soils help

in reducing the time required for laying successive lifts, in the

construction of embankments and structural fills.

DURABILITY STUDIES

When clayey soils are chemically treated with lime, to enhance

their desirable properties, the durability of such treatment tech-

nique assumes prime importance. The presence of sulfate in any

additive severely affects the performance of treated soil by

decreasing the unconfined compressive strength as well as its

moisture susceptibility [18]. Apart from sulfate content, dura-

bility of any treatment technique is directly controlled by the

prevalent freeze-thaw/wet-dry phenomena [19]. One of the

important factors affecting the durability of any soil treatment

technique is the leaching of the stabilizer from the stabilized

matrix. In case of lime treatment, the leaching of calcium ions

from pore solution forces the dissolution of calcium hydroxide,

which severely hampers the rate at which pozzolanic reactions

take place. Hence, in order to study the rate at which calcium

ions leach out from the lime treated clay matrix, water was

allowed to flow through the compacted specimen continuously

for seven days. The effects of various parameters, such as lime

content and curing period, on the lime leachability values have

been studied in detail.

The improvement in the engineering properties of clays

due to the addition of lime is attributed to cation exchange, floc-

culation, agglomeration, and pozzolanic activity. The pozzolanic

reaction is a time and temperature dependent process. During a

pozzolanic reaction, alumina and silica dissolve out of the clay

mineral and combine with the calcium to produce cementitious

compounds, calcium silicate hydrate (CSH), and calcium alumi-

nate hydrate (CAH) [20,21]. These cementitious compounds

contribute to the long term increase in shear strength of lime

treated soils.

In the present study, remolded samples with different levels

of lime dosages were tested for lime leachability behavior, in

specially fabricated Perspex molds, the details of which are as

shown in Fig. 7, and were briefly explained in earlier section.

Figure 8 shows the variation of calcium concentration with flow

period for soil samples stabilized with 2 % lime content, and at

different curing periods. It is observed that the duration of flow

(of Millipore grade water) does not affect the lime leachability

values. The lime leachability values remain consistently the

same from the third day onwards (from the start of flow

period). With an increase in curing period, the leachability

values of 2 % lime treated soil samples (both Al-Ghat and

Al-Qatif) are drastically reduced, as lime is converted from a

FIG. 7

Perspex column used to carry out lime

leachability test.
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more soluble form to the less soluble form of calcium silicate

hydrates. The cementation products formed at higher curing

periods harden the clay matrix, thereby reducing the lime

leachability values. With the increase in lime content to 4 %, the

calcium ion concentration in the leaching fluid increases, partic-

ularly at lower curing periods, as seen in Fig. 9. However, with

an increase in curing periods, the solubility of silica from the

clay is enhanced, as the excess lime breaks the Si–O bonds in

the silica rich phases of clay particles (particularly that of

Quartz, as seen from Fig. 1). This dissolution of silica is better in

the soil sample with 4 % of lime content than in the soil sample

with 2 % of lime content, as 4 % is nearer to the optimum lime

content [21,22]. Apart from silica, alumina is also released from

the mineral phase, which triggers a significant reduction in the

lime leachability values at 4 % addition compared to that at 2 %

lime addition at any given curing period. As such, the difference

in lime leachability values of both the soils can be attributed to

their differences in mineralogical composition, as seen from

their X-ray diffractographs (Fig. 1).

Figures 10 and 11 represent X-ray diffractographs for

Al-Ghat and Al-Qatif soil samples with different levels of lime

content and at different curing periods, respectively. The

FIG. 8 Effect of curing period on the variation of calcium concentration with

flow period at 2 % lime content.

FIG. 9 Effect of curing period on the variation of calcium concentration with

flow period at 4 % lime content.

FIG. 10

X-ray diffractographs of Al-Ghat soil at different lime

contents and at different curing periods (L and D refer to

lime content and curing periods, respectively).
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samples were taken prior to conducting the lime leachability

tests from identical Perspex column molds. At the end of fixed

curing periods, the samples were removed from the molds and

powdered before conducting the XRD testing. It has been

observed that when the sample soils were treated with different

dosages of lime, and at different curing periods, the intensities

of the characteristic mineral peaks are found to decrease

(Figs. 10 and 11). The decreased intensities suggest an attack

by lime on the soil particles, where the dominant minerals

(montmorillonite, illite, and kaolinite) are present [23]. These

minerals are the primary source of silica and alumina, which

are necessary for the formation of cementitious agents. How-

ever, the results do not reveal new peaks corresponding to CSH,

CAH, and calcium aluminate silicate hydrated (CASH). This is

due to the fact that the new peaks formed have weak reflections

due to their poor crystalline nature and also due to the overlap

between the reflections of new minerals with those of existing

primary minerals (Quartz and Illite) especially in 20�–40� 2h

field [24]. From Figs. 10 and 11, in the best case, even if 5 % new

minerals are formed, it is highly unlikely that they would be

detected by the XRD technique, taking account of their variabil-

ity. These inherent weaknesses in the XRD technique make it

difficult to identify the new peaks formed in the present study.

Nevertheless, this does not mean that new cementitious com-

pounds are not formed. The net resultant decrease in lime

leachability values, particularly at higher curing periods, vali-

dates the formation of these pozzolanic compounds. Similar

results were obtained for low lime non-plastic fly ashes, when

they were treated with lime and gypsum as additives [25].

Conclusions

The present study evaluates the compressibility behavior of two

soil samples having different mineralogy. The soil samples were

subjected to accelerated loading conditions and at varying levels

of lime content. In order to evaluate the durability characteris-

tics of these soil samples, the role of lime and curing period on

the lime leachability behavior has also been studied. The lime

leachability behavior was evaluated by simulating a sustained

leaching condition, equivalent to the prevailing hydrological

field conditions the treated samples experience, due to continu-

ous exposure of water flow. The following conclusions are

drawn from the study:

1. With an increase in duration of loading increment, there
is an increase in the final equilibrium void ratio.

2. Upon lime treatment, the difference in final equilibrium
void ratio is reduced when compared with untreated soil
samples. These values further reduce when the lime
dosage is increased from 2 %–4 %. This is due to the fact
that, flocculation reactions are more rapid at 4 % of lime
content, resulting in the formation of dense crystallized
pozzolanic compounds, which resist compression even at
higher surcharge loads, and as a result, the resultant dif-
ferences in void ratio further reduces. The difference in
the final equilibrium void ratio values for both the soils is
attributed to their difference in particle size characteristics
and their primary mineral composition.

3. At a given level of lime content, the lime leachability val-
ues were found to reduce with increase in curing periods.
The dosage of lime has a direct bearing on the lime

FIG. 11

X -ray diffractographs of Al-Qatif soil at different lime

contents and at different curing periods (L and D refer to

lime content and curing periods, respectively).
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leachability values. With an increase in the initial level of
lime content, higher amounts of calcium ions are leached.
The duration of flow does not affect the lime leachability
pattern.

4. The formation of new minerals could not be validated
from the XRD technique due to nature of pozzolanic
compounds formed. The amorphous nature of the
cementitious compounds make it difficult to determine
their respective characteristic mineral peaks.
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ABSTRACT

The use of fly-ash stabilizers, materials from fluidized combustion fly-ash, and other solid coal-

burning residues, which are called coal combustion by-products (CCB), have good potential for

application in subgrade structures and roadbed materials of roads as well as in the structural

pavement layers. One of the many factors limiting the application of some CCB sorts is the

relatively low resistance in repetitive contact with water, volumetric changes, and the risk of

partly unsatisfactory hygienic and environmental parameters. With respect to the

aforementioned negative characteristics of CCB, which occurred primarily under the repetitive

impact of water and freezing, the experimental examination focused on improving CCB

resistance to frost and water, verification of volumetric changes, and improvement of pozzolana

characteristics of CCB by increasing the percentage of fine particles in the original material (e.g.,

by means of mechanical and/or chemical activation, including combination of both types). At

the same time, the road construction industry strives to find a suitable substitute for the

traditionally applied hydraulic binders as well as expand the existing base of the binders applied.

The experience with using CCB as a binder or binder component has not been as extensive so far

as to allow any generalisation of conclusions. Therefore, the possibilities of applying alternative

additives as a replacement for the binders traditionally applied have been researched. Another

application of the coal combustion by-products tested was in cold recycling mixes. In this case,

the fly-ash from fluidized combustion is used as a substitute for the hydraulic binder. The fly-ash

tested was subjected to mechanical activation, while the parameters of the mix under scrutiny

reflected the impact on the strength and deformation parameters of the mix; last but not least,

the water susceptibility indicator was also monitored. From the environmental perspective of

practical applicability of the mixes a chemical analysis and leaching tests have been done.
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Introduction

All technically advanced countries have intensified their

research and development of various types of waste as second-

ary material sources in recent years. This trend also applies to

the brown coal combustion residuals, great quantities of

which are a waste in the power industry since they occur as

solid residues from coal combustion and residue purification in

power plants, heating plants, or heat stations. The materials are

called coal combustion by-products (CCB) and include, e.g., fly-

ash, slag, cinder, bottom ash, and flue gas desulfurization (FGD)

gypsum.

Those countries that support their power policy primarily

by generating power in thermal power stations research the

options of processing and subsequently effectively utilising

CCB. Practical applications have focused primarily on the con-

struction industry so far. One of the paths seems to be applying

CCB in roadbed structures of roads, railroads, or airfield struc-

tures as there is an assumption of processing larger quantities of

CCB.

Another possible application of CCB gained after coal com-

bustion, according to Refs. [1,2], is use of such material for soil

modification or improvements in the roadbed structure. Such

modifications of soil usually lead to higher strength properties,

improved workability, and increased resistance to climatic

effects. Other mechanical or physical characteristics of the

original soil can be improved as well.

A limiting factor for the use of some CCB types is their

relatively low resistance in repetitive contact with water and

freezing [3,4], volumetric changes, and in some cases, the risk of

partly unsatisfactory health and environmental parameters

[5,6]. Particularly for fly-ashes from fluidized combustion,

ettringite (high-calcium sulfo-aluminate mineral) might be

formed in case of long-term contact with water [7,8]. Extensive

analyses of CCB chemical characterization have been collected

and done, e.g., during the planning and preparation of embank-

ment structure for a motorway project in the UK. CCB samples

were taken from three different power plants. Leaching analyses

have shown increased contents of arsenic, cadmium, chromium,

mercury, selenium, and sulphates. At the same time, the pH

value was increased as well as the concentration of polycyclic

aromatic hydrocarbons [9].

With respect to the aforementioned negative CCB charac-

teristics, which occurred primarily under repetitive influence of

water and freezing, the experimental research focused on

improvement of CCB resistance to frost and water, verification

of volumetric changes, and improvement of pozzolana proper-

ties of CCB by increasing the percentage of fine particles in the

original material (e.g., by means of mechanically and chemically

activated fly-ash).

At the same time, the road construction industry strives

to find a suitable replacement for the hydraulic binders

traditionally used as well as extend the existing base of the bind-

ers applied. The experience with application of CCB as a binder

or binder component is not as extensive so far as to allow

generalisation of its conclusions. Therefore, the possibilities of

alternative additive application as a substitute of the binders

traditionally used were examined.

Materials

COAL COMBUSTION BY-PRODUCTS

The samples chosen for the purposes of experimental research

of stabilised fly-ash mixes were the so-called fly-ash from elec-

trostatic separators (filters) of the Melnik power plant (herein-

after “EME”), often called high-temperature fly-ash, and bed

ash from fluidized combustion from the Ledvice power plant

(hereinafter “ELE”) (see Fig. 1). The aforementioned power

plants represent the two basic types of desulphurisation; each of

them produces CCB of differing technical parameters. EME

FIG. 1 (a) filter fly-ash EME, (b) bed ash from fluidized combustion ELE.
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desulphurisation follows the route of the wet scrubbers. In ELE,

CCB from furnace FK4 were used; this is desulphurised by the

fluidized combustion method.

With respect to the combustion technology applied, the

chemical and mineralogical composition of fly-ashes from fluid-

ized combustion fundamentally differs from the composition of

classic high-temperature fly-ashes. The main phases of high-

temperature fly-ashes consist of amorphorous silicon dioxide,

silica, and both high temperature modifications of silicon

dioxide—cristobalite, as well as tridymite and mullite. Fly-ashes

from fluidized combustion contain aluminosilicate phase, silica,

insoluble anhydride II, free calcium oxide, and possibly calcium

hydrate and calcium carbonate. As ensues from the above, high-

temperature fly-ashes demonstrate the pozzolana properties

exclusively, while fly-ashes from fluidized combustion, thanks

to the presence of calcium ions, have hydraulic properties even

on their own [10].

Within the structural analysis of two selected types of

energetic by-products, assessment of internal material structure

has been carried out by application of electron microscopy.

Microscopy and microanalyses have been processed by the envi-

ronmental scanning electron microscope (ESEM FEI PHILIPS),

equipped by the set of electron detectors—the scattered electron

diffraction (SED) for morphology on the micro level and

BSED for phase contrast, both in high vacuum mode and the

environmental mode. The electron diffractions (ED) analysis of

secondary X-ray spectra provides the quantitative chemical

composition of the selected objects. The quantitative phase min-

eral composition both on the micro and nano level is facilitated

by orientational imaging microscopy based on back scattered

electron diffraction (OIM-BSED). This equipment gives the

information about the quantitative phase mineral composition

and structural orientation maps.

In the Fig. 2, it is possible to observe the received internal

structures. In particular, the general structure was analyzed for

different zoom in, with stress on anomalies in the fractural

structure (failures, bubbles) and fundamental structural

elements of the material structure (crystals).

Sample Preparation Used for Electron

Microscopy Analysis

Before the electron microscopy analysis, a representative quan-

tity of fly-ash sample (10 ccm) was mixed with low viscose

epoxy resin. After hardening (at 25�C), the sample was brushed

(emery papers) and polished (diamond paste) in dry mode. The

obtained surface was cleaned by pure methanol. This method

of sample preparation prevents eventual reaction of water-

sensitive fly-ash particles.

Methods of electron microscope assessment were based on

phase contrast taken by back-scattered electrons detection

(BSE) and energy dispersed X-ray analysis (EDS).

Analyses of Fly-Ash from Melnik Coal Power Plant

Fly-ash particles (FAP) are represented by the very porous

slaggy debris, whereas some of the larger particles are almost

foamy. The character of FAP is very monotonous; nearly all

particles have the same character: porous and foamy. The size

of FAP varies from first micrometers up to several tenths of a

milimeter. The compact-like glassy balls of FAP or iron oxides

particles do not occur in this type of fly-ash from EME power

station.

Analyses of Fly-Ash from Ledvice Coal

Power Station

FAP are mostly represented by calcium sulphates (gypsum,

hemihydrate, anhydrite etc). Some grains are alumosilicates

(mullite, quartz). Only a small portion of FAP is porous (in

comparison with FAP from Melnik).

The examination of the second type of mixes used fly-ashes

from fluidized combustion from the thermal power plants CEZ

Tisova, CEZ Hodonin, and the Plzen generation (heating) plant,

which are equipped with the fluid furnace technology that is

FIG. 2 (a) bed ash from fluidized combustion ELE in electron microscope,

(b) filter fly-ash EME in electron microscope.
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installed in a number of power-generating operations in the

Czech Republic. The types of fly-ash obtained are formed pri-

marily during fluidized combustion of brown coal and powder

limestone which, from the perspective of potential for further

application in the construction industry, are rather significant.

The ash material was driven between the rotors of a twin-rotor

contra-rotating high speed mill– disintegrator under mutual pe-

ripheral speed of the rotors of approximately 204m�s�1 and

power consumption at the level of approximately 20W per kg

of pulverized ash.

X-ray diffraction and chemical analysis was performed for

the material obtained. The chemical analysis is indicated in

Table 1.

Fly-ashes from fluidized combustion from the Tisova power

plant have a standard composition in comparison to other

ashes. The only unusual feature is the higher content of non-

decomposed limestone and anhydrite. The fly-ashes from the

Hodonin power plant and the Plzen heating plant contain

unusually small quantities of free lime; such ash loses its self-

binding ability and an addition of a certain quantity of lime or

cement would be recommended in a certain stage of compacted

mix production. The contents of the amorphous phase are

rather high in such type of fly-ashes. The results of XRD analy-

sis for mechanically activated fly-ashes are indicated in Table 2

and Fig. 3.

MECHANICAL ACTIVATION

The mechanical process or interference with the structure of a

substance that increases its chemical reactivity can be called me-

chanical activation. Such an intervention in the substance struc-

ture can consist of grinding/pulverization. According to the

classic interpretation, grinding is defined as mechanical disper-

sion of solid substances, which results in reduced particle size

and a simultaneous increase of specific surface and surface

TABLE 1 Chemical composition of activated fly-ash from fluidized combustion.

SiO2 Al2O3 CaOTotal MgO TiO2 Fe2O3 SO3 Na2O K2O P2O5 MnO Cl� F�

Fly-Ash From
Fluid Combustion (%)

Annealing
Loss

Tisova 39.50 24.70 15.45 0.70 5.47 7.63 3.06 <1.0 0.49 0.35 0.058 — — 2.05

Hodonin 43.16 16.27 16.83 1.86 1.28 3.62 5.08 0.7 3.58 1.53 — 0.71 0.34 4.85

Plzen Not defined

TABLE 2 Evaluation of phase composition of mechanical chemically activated fly-ashes from fluidized combustion based on XRD data record.

Reference Code Compound Name Score Total Lines Scale Factor SemiQuant (%)

Fly-Ash From Fluidized Combustion—Power Plant Tisova

01-086-2334 Calcite 66 9 0.801 26

01-085-0796 Quartz 48 7 0.492 3

01-074-2421 Anhydrite 53 16 0.974 57

01-079-0007 Hematite 37 7 0.130 4

01-078-0315 Portlandite, syn 53 5 0.239 7

01-078-0649 Lime 42 2 0.152 3

Fly-Ash From Fluidized Combustion—Power Plant Hodonin

01-089-8935 Quartz $-alpha 72 7 1.002 46

01-072-0503 Anhydrite 69 16 0.294 23

01-079-1741 Hematite, syn 47 7 0.104 4

01-082-1691 Lime 47 2 0.084 3

00-005-0586 Calcite, syn 34 9 0.052 4

00-009-0478 Anorthoclase, disordered 30 28 0.042 9

00-046-1311 Muscovite-2\ITM\RG#1, ammonian 36 20 0.204 11

Fly-Ash From Fluidized Combustion—Generation Plant Plzen

01-085-0794 Quartz 69 7 0.994 24

01-074-2421 Anhydrite 63 16 0.722 31

01-079-0007 Hematite 46 7 0.136 3

01-078-0649 Lime 49 2 0.800 13

01-083-0578 Calcite 43 9 0.071 2

01-089-6423 Albite 26 83 0.076 9

00-026-0911 Illite-2\ITM\RG#1 (NR) 36 17 0.427 18
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energy within the system; nevertheless, mechanical effects

occurring in the course of dry grinding of solid particles might

cause significant structural changes and chemical reactions in

the material ground. The character of the surface, or morphol-

ogy thereof, distribution of charges, and chemical nature of

the thin grain surface film have a very distinctive impact on

reactivity as well [11–14].

Grinding might be a possible solution for rough fluid com-

bustion separation process residuals. The grinding process

causes large plerospheres (porous particles) to disintegrate and

reduces particle roughness. Such reduction, together with the

increased reactivity of the fly-ash, improves strength. The grind-

ing of cenospheres increases density and fineness, which results

in higher pozzolana reactivity of the fly-ash. The grinding time

affects the particle size, shape, and, consequently, the need for

water [15].

STABILIZED FLY-ASH MIX

The so-called fly-ash stabilizate was chosen as the first type of

compacted mix for experimental verification. Fly-ash stabilizate is

a solid mass which usually arises by wetting a mix of fly-ashes or

ashes with a binder (e.g., lime or cement) or by wetting a mix of

fly-ashes from fluidized combustion that demonstrate self-setting

properties. Ettringite might form during this process, which causes

volumetric changes. Ettringite forms in fly-ash stabilizate from

soluble compounds of calcium, aluminium, and sulphur in wet, al-

kali environments. In some cases, its expansion ability might dam-

age the solidified stabilizate. According to the composition of the

mix and mutual component proportions, the quantity of added

water and the processing method, a mass whose strength and

other physical properties (permeability, weight, and thermal con-

ductivity), are similar to those of lightweight concrete.

A deponate is understood as non-solidifying mass (with no

additional additives), which is only strengthened by dehydra-

tion, drying or thixotropy.

The following additives were applied to prepare the fly-ash

stabilizates:

• Cement CEM II/B-M 32,5R
• Lime CL90S
• Mechanically activated or combined mechanically and

chemically activated fluid ashes (from the Plzen heating
plant)

• Mechanically activated dolomitic limestone (from the
Krty u Strakonic quarry)

• Mechanically activated or combined mechanically and
chemically activated recycled mix from concrete (recycled
aggregate generated by crushing and sorting of reclaimed
concrete from the airport Ruzyne)

• Chemical additives Iterstab, Zycosoil

COLD RECYCLING MIXES

The second type of selected fly-ash application was a compacted

mix formed by cold recycling of asphalt pavements. This tech-

nology involves the milling of the original structural pavement

layers (mainly asphalt layers or combination with granular base

layers, but applicable also to, e.g., cement stabilized material),

mixing thereof with bituminous or hydraulic binders followed

by levelling and compacting. Sorted reclaimed asphalt material

(asphalt mix obtained by milling the asphalt layers or crushing

plates knocked from asphalt pavements or large pieces of

asphalt mix and asphalt mix from non-identical or excess pro-

duction, RAP) of grading 0/11 from the Porr Bechovice mixing

plant, for which bitumen content of 7.3 wt. % was detected, was

used to prepare the cold recycled bitumen based mix. Cationic

bituminous emulsion C60B7 was applied as the bituminous

binder for cold recycled mixes. This is a standard emulsion used

for this type of cold recycling applications. Similarly, the com-

monly used Portland slag cement CEM II/B–S 32.5 was used in

the reference mix.

FIG. 3 XRD data record of mechanically activated fly-ash from fluidized

combustion: (a) Tisova, (b) Hodonin, and (c) Plzen.
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A set of various cold recycled mixes with a variable repre-

sentation of fly-ashes from fluidized combustion modified by

mechanical activation were designed for the laboratory testing;

the fly-ashes from fluidized combustion play the role of hydrau-

lic binder substitute or reactive filling admixture in this case. At

the same time, a set of laboratory tests was defined to verify the

impact of the material on mix properties. The compositions of

the mixes researched are indicated in Table 3. The optimum

water content of the cold recycling mix for the composition as

indicated was determined according to the standard CSN EN

13286-2 [16].

Evaluation Methodology for

Compacted Fly-Ash Mixes

The Department of Road Structures, CTU, Faculty of Civil

Engineering, determined the workability, strength characteris-

tics, and, with respect to the negative results in case of repetitive

exposure to water, a test of resistance to frost and water immer-

sion including the verification of volumetric changes of the

mixes examined.

Mixes from both desulphurisation technologies and mixes

with various binder proportions were tested. For CCB, the

binders used as a standard were replaced by inorganic loose

binders obtained by means of mechanical activation of fly-

ashes from fluidized combustion, dolomitic limestone and

reclaimed concrete materials. Besides such binders, the Iter-

stab (an additive used primarily in soil improvement and

stabilization) and Zycosoil (an additive on a nanotechnology

basis using silane groups) chemical additives were verified; the

main benefit is preventing water from entering the mix. The

objective was observing the same principles in CCB property

modification as well.

One of the objectives of applying mechanically activated

materials in CCB was eliminating ettringite formation, which is

generally one of the limiting factors of CCB application in

embedding in roadbed structures of roads.

COMPACTION ASSESSMENT

The workability of fly-ash mixes was tested by the Proctor

standard tests which simulate the compaction achieved by con-

struction rollers very well. The laboratory test of CCB compac-

tion quality is an important test for the assessment of

applicability in road construction. CCB compaction effort is

related to particle shapes and sizes. The mix compaction quality

was examined by the standard Proctor test under CSN EN

13286-2 [16]. Compaction was started after a certain time

elapsed from the wetting of the mix. This models the delays

caused by transportation, spreading, and other handling during

real-life paving of the mix. Cement, lime, or other additives

were added to the dry CCB in samples with additives. The mix

was dry-homogenised and wetted only afterwards.

COMPRESSIVE STRENGTH TESTING

The laboratory test of compressive strength was performed

according to the CSN EN 13286-41 [17] standard, where a test

specimen shaped like a right circular cylinder was loaded by the

growing axial stress r until its failure. The test principle consists

in loading the test specimen of hardened energetic by-products

with uniaxial compression with a simultaneous measurement of

deformation. Strength characteristics after different curing times

were studied in detail.

EME fly-ash and ELE bed ash were used to make test speci-

mens by compaction in the laboratory with dimensions of

R¼ 100mm and the height of 120mm. The test specimens

were cured for 7, 14, 21, 28, 60, and 90 days (for some mixes

even for 1 year) in a laboratory environment in an airtight

cover. The test specimen was also tested for immediate strength

after compaction where the prepared specimen was cured at a

laboratory temperature of 20�C –23�C for approximately 2–3 h.

RESISTANCE TO FROST ANDWATER IMMERSION

The preparation and curing of test specimens followed the same

process as in the case of compressive strength test. Once the

28-day curing was completed, the test samples were placed on a

TABLE 3 Cold recycled mix designs.

REF MCAT 1a MCAT 1b MCAH 2a MCAH 2b MCAP 1 MCAP 2
Component/Mix (%)

Bituminous emulsion - Katebit C60B6 3.5 3.5 3.5 3.5 3.5 3.5 3.5

Cement CEM II/ B-S 32,5 3.0

Mechanically activated fly-ash; fluidized
combustion—power plant Tisova

3.0 10.0

Mechanically activated fly-ash; fluidized
combustion—power plant Hodonin

3.0 10.0

Mechanically activated fly-ash; fluidized
combustion—generation plant Plzen

3.0 10.0
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felt pad partly sunk in water and left to saturate through capilla-

ries until the set weight so that the weight increment for at least

1 h would not exceed 1 %. All test specimens were saturated in

the course of 20min from putting on the felt pad.

Subsequently, the test specimens were placed in a freezer

box for 6 h from under �20�C to �22�C. After freezing, the test
specimens were taken out of the freezer box and stored on a felt

pad partly sunk in water for 18 h to allow further capillary satu-

ration. Simultaneously, de-frosting under þ20�C to þ25�C
occurred. The test continued by another round of freezing and

repeated 10 cycles according to the method stipulated in the

National Annex NB CSN EN 14227-5 [18]. Once the last cycle

was completed, a strength test was carried out according to the

standard CSN EN 13286-41 [17].

SWELLING SUSCEPTIBILITY OF FLY-ASH STABILIZATES

Monitoring of CCB volumetric changes is of crucial importance

from the perspective of pavement structure durability. Volumet-

ric changes might be demonstrated by shrinking or expansion

and, subsequently, result in deterioration of the technical and

environmental parameters or, often, complete destruction of the

pavement structure.

Further factors affecting volumetric changes of CCB

include:

• Chemical and physical properties of the input materials
• Risk component content and variability
• Mix design
• Production technology
• Environment in which the CCB is placed (e.g., humidity

and thermal parameters, pressure, and combination of
these factors);

• Other specific factors [19]

In relation to the risk of undesired volumetric changes, this

test must be viewed with more emphasis. The experimental

research examined the impact of the mix on volumetric

changes.

The subject matter of swelling measurements for fly-ash

stabilizate was determining the linear and volumetric coefficient

of swelling. Volumetric changes are understood as increasing of

the fly-ash stabilizate volume caused by physical and mechani-

cal processes ongoing in the material, or by additional water

absorption.

A CBR bin and other equipment used for the preparation

and facilitation of CBR testing under CSN EN 13286-47 [20]

were used for the purposes of this test.

The mix saturated to wopt according to the Proctor

Standard test was compacted in the CBR cylinder by means of

Proctor Standard (PS) energy.

Fly-ash stabilisers were cured from 7 and 28 days in moulds

under (206 2)�C in impermeable wraps and, subsequently,

saturated by water until all deformations ceased to occur.

Within the time intervals as mentioned, the changes of surface

level of the compacted, saturated samples loaded by a weight

were measured.

Cold Recycled Mix Assessment

Methodology

TEST SPECIMEN PREPARATION METHODOLOGY

Optimum water content of the mixes was determined according

to CSN EN 13286-2 [16]. The valid Czech technical conditions

for cold recycled mixes TP 208 [21] stipulate test specimen

preparation by means of cylindrical moulds of 150.06 1.0mm

diameter and 200–300mm height. For the purposes of

experimental assessment, cylindrical test specimens of

101.606 0.1mm diameter and 63.56 2.5mm heights were cho-

sen as more appropriate. During the processing, the mix was

compressed in the moulds by means of static pressure of

5.0MPa. The test specimens were left in the mould under the

temperature of (206 2)�C for (246 6) h; subsequently, the

specimens are stored under 90 %–100 % humidity and at a tem-

perature of (206 2)�C for another two days. Then, the test

specimens are stored under 40 %–70 % humidity and at a tem-

perature of (206 2)�C. The mixes examined were left to cure

under the aforementioned conditions for 7 and 14 days. From

the point of view of water susceptibility detection, the set of

samples was soaked in water for another 7 days after seven

days’ curing under 40 %–70 % humidity and a temperature of

(206 2)�C.

INDIRECT TENSILE STRENGTH, STIFFNESS MODULUS,

ANDWATER SUSCEPTIBILITY

Determination of indirect tensile strength is done on test speci-

mens that have been prepared according to the procedure

described in the section Test Specimen Preparation Methodol-

ogy. Testing is proceeded according to TP 208 [21], whereas the

test specimens are air conditioned for at least 4 h to prescribed

temperature (156 1)�C. Specimens are then tested at constant

speed of the laboratory press jaws (506 1) mm/min until the

total specimen failure.

Stiffness modulus of cold recycled mixes has been done

according to CSN EN 12697-26 [22], applying the method of

non-destructive cyclic indirect tensile stress on the Nottingham

Asphalt Tester apparatus. Stiffness is an important strain

characteristic and is used together with Poisson’s ratio in multi-

layer pavement structure design. The principle of the stiffness

modulus determination is to apply direct compressive stress,

which is transferred in the plane of the vertical cut of test

specimen to deduce indirect tensile stress perpendicular to the

loading direction. The stress applied is causing horizontal defor-

mation of the specimen. The stiffness modulus is therefore

defined as a ratio between stress and strain at a given

Journal of Testing and Evaluation270

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



temperature, for which a particular value of Poisson’s ratio can

be defined.

Water susceptibility according to TP 208 [21] normally

reflects coefficient of indirect tensile strength decrease. Gener-

ally this is defined as a ratio of indirect tensile strength of speci-

mens cured 7 days versus indirect tensile strength of test

specimens after seven days curing at 40 %–70 % moisture at

temperature of (206 2)�C and seven days water immersion. In

this article, the water susceptibility evaluated only as a strength

characteristic of combined curing.

CHEMICAL ANALYSIS

Chemical analysis have been carried out in cooperation with the

Geological Institute of the Academy of Sciences of the Czech

Republic (AV CR) for fundamental analysis of elements repre-

sented in the used materials and partly as a basis for description

of leaching effects. Particularly selected samples of waste granu-

lar material, by-products, and reclaimed materials the use of

which is being considered or expected in pavement structures,

or where such construction applications already exist, has been

selected for the analyses done. The set of tested materials

involves waste filler from aggregate production, fly-ashes, and

reclaimed asphalt material.

In connection to the list of technical standards governing

the leaching methods for various types of mineral materials, dif-

ferent analytical procedures are used [23]. None of the methods

governed by any standard concerned have been used; a modi-

fied procedure was preferred and applied based on analytical

spectroscopy method. For this test procedure, samples were

analysed with IRIS Intrepid II XPS spectrometer (ICP-EOS)

manufactured by Thermo Electron Corporation, using axial

plasma view and cyclone type nebulizer. The standard opera-

tional conditions were used (plasma power 1150W, nebulizer

pressure 25.0 psi, auxiliary gas flux 1.0ml/min, sample uptake

2.40ml/min). For the analytical purposes, wavelengths recom-

mended by the manufacturer for each element were used, as is

published in the instrument manual as well. The calibration

curves were constructed using four points (blank and multi-

element standards in 1 % supra-pure nitric acid) covering full

range of the concentrations measured. Concentration of macro-

elements and microelements were calibrated and measured in

separate experiments. Each sample was analysed three times.

Quality control was ensured inserting QC sample into analytical

run after each ten unknown sample.

For analytical purposes and as a basis for future leaching

tests, the total element contents in the solid samples were meas-

ured, after total decomposition of the solid samples in nitric

acid/hydrofluoric acid/perchloric acid mixture. In this way, the

solid samples went into acidic solutions, in which elements con-

centrations were measured by ICP EOS. The concentrations of

basic elements (macroelements) were estimated as well as the

trace elements (microelements) by ICP EOS technique. ICP

EOS stands for the spectroscopic analytical technique optical

emission spectroscopy with inductively coupled plasma. Among

others, the macroelements aluminium, calcium, ferrum, kalium,

magnesium, manganese, natrium, phosphor, sulphur, silicium,

and the microelements arsen, borum, barium, beryllium, cad-

mium, cobalt, chromium, cuprum, lithium, molybdenum,

nickel, strontium, titanium, and zinc were analysed.

For the future alternative leaching tests, distilled water (pH

value �6.5) and aqueous solution of acetic acid (pH value �4.5)
will be used as leaching agents. Acetic acid was chosen to

approximate the effect of leaching by acidic rain water. A simi-

lar testing procedure and environment can be found, e.g., in

Ref. [24]. Analytical experiments were performed on samples of

the materials pulverised and homogenised, and afraction of

grain size <0.1mm was used. Even if such testing sample prep-

aration is not usual in the standardised leaching test methods

for granular materials, the pulverisation has been decided for

the total inorganic analysis. Sample weight 1–5 g and 100ml of

the leaching solution was used. Weighted samples were covered

with the leaching solution and agitated on an overhead shaker

for 2 h at room temperature. Leachates were then filtered over

0.45lm filter and analysed. No leaching solution exchange was

performed in the course of the test. Thus, the test can be charac-

terised as a short-time procedure without dynamic character,

i.e., without leaching solution exchange.

DIFFUSIVE TEST

Within the framework of possible utilisation of cold recycling

mix using coal combustion by-products in pavement base

courses, it is necessary to take into consideration the environ-

mental aspects of such applications too; the necessity of deter-

mining the leaching of potentially hazardous substances in the

surrounding environment arises. In a laboratory environment,

the leaching can be simulated by a diffusion test. The essence of

a diffusion test according to EA NEN 7375:2004 [25] is moni-

toring the long-term effect of water on the product from the

chemical (contents of analytes in the leach) and mechanical per-

spective (content of the solid part separated). The diffusion test

is carried out statically to avoid influencing the natural diffusion

and, at the same time, to avoid disturbing the sample surface.

The nature and properties of the basic material with the entire

sample (monolithic cylindrical specimen) placed in the leaching

liquid (demineralised water of neutral pH), additions of the

leaching liquid at certain time intervals for the period of

64 days, and the quantity of the leach per surface unit is deter-

mined. The qualitative evaluation of the leach observed the lim-

its stipulated in the regulation concerning construction

materials of the Dutch Ministry of Housing, Spatial Planning

and the Environment issued in 1999, as amended. The leaches

were compared to the limits for pavement base courses

(Building Materials Decree BMD, 64 days). Then, the results

were compared to the Landfill Regulation Amendment for
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England and Wales No. 1640 of 2005 for waste deposited at

landfills–leach after 64 days).

Results and Discussion

FLY-ASH STABILIZED MIXES

Compaction

From the results of optimum compaction assessment done on

fly-ash form EME implies, that optimal moisture content of fly-

ash mixes with 6 % of CaO addition are only slightly dependent

on the content of hydraulic binder in the mix and reach for

guidance around 20 %.

Filter fly-ash without any additives showed optimum mois-

ture content for compaction at 21 %, whereas filter fly-ash from

EME with 6 % CaO reached optimum moisture content at

20 %.

Compaction quality of fluidized-bed ash from ELE was

reached with optimum moisture content about 35 %; if 6 % of

pulverized dolomitic lime was added, the optimum moisture

content increased slightly to 36 %. In case of 10 % activated

fly-ash from fluidized combustion, the value went up to 38 %.

Overall results of mix compactability are given in the Table 4.

Indirect Tensile Strength Results

From Figs. 4 and 5, it is apparent that the best values of

compressive strength are reached for mixes where mechanically

activated fly-ash, dolomitic lime, and cement are represented.

These mixes fulfilled required threshold limits for compressive

strength according to the technical specifications TP 93 [26]. By

applying mechanically activated fly-ash form fluidized combus-

tion, as well as dolomitic lime or pulverized recycled concrete,

the possibility of substituting traditional hydraulic binders by

these alternative materials was proven.

Resistance to Frost and Water Immersion

Resistance to freezing and water depends to a great degree on

the composition of the original mix. Stabilizates (deponates)

prepared with material from the wet scrubber process mixes

disintegrated after the first freezing cycle already, or even during

the saturation stage. Stabilizates prepared with material from

fluidized combustion technology disintegrated after 2 to 3

FIG. 4 Compressive strength results of compacted energetic by-products with different additives.

TABLE 4 Compactability parameters of fly-ash stabilizates.

Mix Fluidized-Bed
Fly-Ash From
ELE Without
Additive

Fluidized-Bed Fly-Ash
From ELE With
3wt. % of Cement
CEM II/B-M 23,5R

Fluidized-Bed Fly-Ash
From ELE With

6wt. % of Pulverized
Dolomitic Limestone

Fluidized-Bed Fly-Ash
From ELE With

10wt. % of Pulverized
Fluidized-Bed Ash

Fly-Ash From
EME Without

Additive

Fly-Ash From
EME With
6wt. % Cao

Maximum density (kg/m3) 1122 961 996 1084 1080 1060

Optimal moisture (%) 36.7 34.7 36.2 35.3 21.0 20.0
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freezing cycles. Stabilizates made of compacted hydrated mix

with an addition of mechanically activated fly-ashes from fluid-

ized combustion, dolomitic lime, reclaimed concrete, or chemi-

cal additives improve the resistance feature of fly-ash mixes

against the effects of water and freezing better than stabilizates

with no additives. The drop in strength after freezing ranged

from 20 to 30 %. For the stabilizate from fluidized-bed ash with

the addition of 6 wt. % mechanically activated dolomitic lime,

the original compression strength even increased by 11 % after

defrosting. The values must be confirmed again with more test

specimen sets.

For the deponate prepared with fly-ashes from EME with

no additives, the specimen collapsed in 50min from placement

on the felt pad partly soaked in water (see Fig. 6(a)). Specimens

collapsed after the first cycle also in the case of application of

chemical additives with 0.1 wt. % Zycosoil and with 1wt. %

Iterstab in fly-ashes from EME.

The stabilizate prepared from the EME fly-ashes with 6wt.

% calcium oxide resisted 10 cycles; however, it demonstrated

minor longitudinal and alligator cracks (see Fig. 6(b)). Com-

pression strength after the last cycle fell to 0.41MPa, i.e.,

approxiamtely half of the strength detected in the design stage.

FIG. 5 Compressive strength results of compacted energetic by-products

with added mechanically and chemically activated materials.

FIG. 6

(a) Filter fly-ash mix, EME, (b) stabilizate EME

þ6 wt. %. CaO, (c) stabilizate from bed ash

ELE without additives, (d) stabilizate from

bed ash ELE þ10 wt. % of pulverized fly-ash

from fluidized combustion–generation plant

Plzen, and (e) stabilizate from bed ash ELE

þ6 wt. % pulverized dolomitic limestone.
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The stabilizate from fluidized-bed ash from ELE showed a

transverse crack; the specimen broke after approximately 4 h

freezing in the second cycle (see Fig. 6(c)).

In the case of the test specimen from fluidized-bed ash with

the addition of 3.0 wt. % cement CEM II/B-M 32.5R, compres-

sion strength fell by 26.5 % after freezing.

Stabilizates from fluidized-bed ash from ELE with the

addition of 1 wt. % Iterstab and 0.1 wt. % Zycosoil survived

10 cycles and demonstrated the greatest resistance; neverthe-

less, the strength indicators fell by 19 % for Zycosoil and

by 38 % for Iterstab. The stabilisers failed to meet the

requirements of CSN EN 14227-14 [27] and, therefore, frost

susceptibility according to CSN 72 1191 [28] must always be

determined.

For the stabilizates from fluidized-bed ash with the addition

of 10wt. % mechanically activated fly-ashes from fluidized

combustion, a transverse crack formed after the tenth cycle (see

Fig. 6(d)).

The stabilizate from fluidized-bed ash with the addition of

6 wt. % mechanically activated dolomitic lime (see Fig. 6(e)),

which was stressed by a graded number of freezing, and defrost-

ing cycles demonstrated a value of strength even higher than

the initial compression strength. These values must be recon-

firmed with more specimen sets.

Swelling of Fly-Ash Stabilizate

Based on the results of measurements of swelling during hard-

ening and setting of the fly-ash stabilizates indicated in Fig. 7, it

can be noted that the volumetric changes of the stabilizate

amount to rather low values. The greatest volume increase (by

approximately 1.5 %) was demonstrated by stabilizate from ELE

with no additives after 7 days of curing. It shows no signs of

setting even after 40 days. The remaining mixes show a slower
FIG. 7 Time dependent progression of fly-ash stabilizate swelling.

FIG. 8 Strength characteristics of cold recycled mixes.

FIG. 9 Strain characteristics of cold recycled mixes.
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volume increase, roughly linear with the hardening time. It can

be assumed that the limit value <3 % of swelling in CBR cylin-

der under TP 93 [26] will not be reached by all fly-ash stabili-

zates tested even after a longer examination period. It is likely

that a hydration reaction occurs once the stabilizate compo-

nents are mixed with water and compressed; ettringite forms

during the reaction. In contrast to other materials with hydrau-

lic bonds (e.g., concrete, cement-stabilized soil), ettringite’s

slight tendency to swell is a prevention against shrinking during

hydration.

COLD RECYCLED MIXES

Strength and Strain Characteristics

of Recycled Mixes

As is obvious from the results obtained and indicated in Figs. 8

and 9, substitution of cement by activated fly-ashes from fluid-

ized combustion improves mix strength; the strength is reached

already in the first 7 days of curing and does not increase signif-

icantly afterwards. The mixes assessed with 3.0 % fly-ash meet

the strength parameters set by technical specifications TP 208

[21], namely minimum 0.3 and maximum 0.7MPa, mixes with

10 % fail to meet the upper limit of the strength criterion, or the

fast increase of strength demonstrates a potential risk of huge

hydration heat generation and, potentially, shrinkage micro-

cracks during the curing time. From the point of view of

deformation parameters, the increase of the stiffness modulus is

insignificant in relation to the reference mix. The indirect

tensile strength and stiffness modulus values of water-soaked

specimens show a positive trend with activated fly-ash applica-

tion, namely no significant drop in water susceptibility of the

mixes was observed as is the case of the reference mix. From the

point of view of the parameters observed, it has to be mentioned

that, for the sake of improved resistance of the mixes, the

fly-ashes from fluidized combustion should be dosed for cold

recycling mixes within the range of 2.0 %–5.0 % of the weight of

the mix.

Results of Chemical Analysis

The results of performed measurements are summarized in the

tables presented below. The concentrations of particular ele-

ments are normalized by the unit mg/g per sample. Due to this

normalization, easy and well understandable comparison of

particular macro- and microelements is possible. It is possible

to transform the normalized amounts into a relative expression

showing that besides the analyzed elements, the material usually

also contains some other elements.

The macro-elements aluminum, calcium, and partly sili-

con seem to have the highest concentration (see Table 5). The

elements are represented in the chemical compounds in crys-

talline or amorphous phases. Aluminum represented in both

fly-ash samples is a puzzle because the source material burnt

was soft coal and lime-stone used as catalyst. However, in the

case of the fly-ash Hodonin sample, the energy producer is

trying to modify the burn process by including municipal

waste. The content of calcium can be easily explained by the

burning process as already stated previously. This explanation

might be used for sulphur as well. Silicon is represented in

the RAP materials. This can be explained by the source of

mineral materials.

From the micro-elements analysis, the following conclu-

sions can be made. Increased content of hazardous/toxic micro-

elements (observed) was found in total sample analyses as part

of the analyzed material:

• Both fly-ashes: cadmium
• Reclaimed asphalt material 0/11: barium

In this context, it should be emphasized that in the case of

beryllium (Be) and cadmium (Cd), the elements in question are

highly poisonous and toxic and are distributed mainly in dust.

TABLE 5 Total sample analysis—macro-elements.

Al As Ca Fe K Mg Mn Na P S Si
Element Sample Total Content (mg) of Element per 1 g of Sample

sorted RAP material 0/11 55.01 0.10 56.06 31.02 17.61 12.6 0.66 21.84 0.35 2.82 72.47

Fly-ash Plzen (fluid combustion) 105.95 — 166.36 40.39 1.55 9.88 0.96 8.20 1.58 32.29 0.51

Fly-ash Hodonin (fluid combustion) 108.33 — 141.67 36.11 1.80 9.44 0.43 5.11 0.54 29.64 0.35

“<” stays for below the detection limit, generally <0.020 ppm.

TABLE 6 Total sample analysis—micro-elements.

B Ba Be Cd Co Cr Cu Li Mo Ni Sr Ti Zn
Element Sample Total Content (mg) of Element per 1 g of Sample

sorted RAP 0/11 1.89 0.30 0.0004 0.006 < 0.03 0.02 0.03 0.002 0.05 0.11 1.73 0.06

Fly-ash Plzen (fluid combustion) — 0.41 0 0.01 0.07 0.11 0.19 0.24 0.008 0.05 0.54 18.4 0.10

Fly-ash Hodonin (fluid combustion) — 0.31 0 0.01 0.02 0.13 0.13 0.12 0.01 0.07 0.29 5.42 0.30
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Significantly different content of titanium in fly-ash from

generation and cogeneration plant in Plzen cannot be explained

easily. There might be an important amorphous compound rich

on this element. The reason for that might probably be in the

source material of soft coal.

In terms of total analysis reclaimed, asphalt material can be

described as a material rich in arsenic. During the respective

leaching test of RAP samples, it was found that arsenic is

released from the brown coal multi-dust sample. In this connec-

tion, it is necessary to emphasize that in terms of the total

extracted content of particular elements, the type of bond

between such element and the analyzed material will play an

important role.

Besides the elements shown in Table 6, for both fly-ash

samples, zirconium has also been detected in the amount of

0.08–0.34mg/g.

Diffusive Test Results

As ensues from the results indicated in Table 7, higher sulphates

and arsenic values were detected in mixes where fly-ash from

fluidized combustion was applied. The highest sulphate quantity

is seen in the mix with fly-ash from the Hodonin power plant

(the higher value is probably caused by burning brown coal

together with unsorted municipal waste). The highest arsenic

content in the leach was shown by the mix with fly-ash from

fluidized combustion from the Plzen heating plant. The leach

water from all mixes examined demonstrated alkaline pH

within the range of 8.0–11.0; the pH values increased within the

14 days of the test’s duration; subsequently, slight decreases

were recorded.

Test specimens of mixes REF and MCAP 2 demonstrated

matt sediment on the water surface at the end of each leaching

period (mostly in the ultimate periods) (see Fig. 10).

Conclusions

The present article focused on the possibility of using CCB

by-products directly or applying them after certain modifica-

tions (through improvement of the properties required) in

roadbed structures of roads, or even as structural layers of the

pavements.

Laboratory research of CCB has emphasised the dominant

influence of the technology applied to desulphurisation on the

resulting CCB characteristics. The results of long-term CCB

testing have proven that besides the deposit from EME,

mechanical properties of fly ash stabilisers improve significantly

in time. The results obtained confirmed that the highest values

of simple compressive strength are achieved by mixes with a

representation of ground (mechanically and chemically acti-

vated) fluidized fly-ash, pulverized dolomite limestone, or

recycled concrete and, therefore, such mixes meet the minimum

TABLE 7 Values from leaching tests for cold recycled mixes.

Determined Leach of Monitored Elements REF MCAP 2 MCAH 2b BMD 64 Days; U1a Land Filled Waste (Leach After 64 Days)

Chloride (mg/m2) 2 809.80 2552.90 2 516.10 — 10 000

Sulfate (mg/m2) 2 390 71 397 126 308 27 000 10 000

Arsenic (mg/m2) 0.45 8.712 2.48 41 1.3

Cadmium (mg/m2) 0.09 0.086 0.085 1.1 0.2

Chromium (mg/m2) 0.6 0.6 0.6 140 5

Copper (mg/m2) 4.3 4 3.6 51 45

Mercury (mg/m2) 0.03 0.03 0.02 0.4 0.1

Nickel (mg/m2) 0.9 0.9 0.8 50 6

Lead (mg/m2) 0.2 0.31 0.3 120 6

Zinc (mg/m2) 8.3 5.2 6.1 200 30

FIG. 10 Test specimens immersed in distilled water (a) REF, (b) MCAP 2.
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values required for simple compressive strength according to

technical specifications TP 93 [26].

Based on the results yielded by the measurement of fly-ash

swelling capacity, it can be concluded that the volumetric

changes of the stabiliser amount to relatively small levels.

Frost and water susceptibility testing has indicated that the

deposits and stabilisers tested are not resistant to frost and

water. The majority of the samples tested disintegrated in the

course of ten freezing and thawing cycles or, subsequently, com-

pressive strength fell considerably after the last cycle.

A stabiliser made of compacted, slightly wet mix with the

addition of mechanically and/or chemically activated mineral

materials or chemical additives partly improves the characteris-

tics of fly-ash mix resistance to water and frost when compared

to a stabiliser alone (no additives). The application of mechani-

cally and chemically activated materials or used additives facili-

tates elimination of some CCB problems, while indicating a

possibility of substitution for lime, or cement.

Experimental results of the assessment of cold recycled

mixes with application of combined binder formed by bitumi-

nous emulsion and mechanically activated fly-ash showed a

benefit that can be delivered by materials otherwise rather

difficult to use (often classified as waste or by-products) if

mechanical and chemical activation process is employed. The

refinement achieved during the process and, primarily, the

structural changes caused by high-energy grinding allow both

applications of the materials examined as a partial substituent

of traditional binders, particularly in the case of fluid ashes. In

the case of cold recycled mixes, they potentially eliminate even

the much more fundamental problem of water susceptibility

and, therefore, poor durability of such mixes. However, with

respect to the reclaimed material fraction used, we can assume

that with more coarse-grained reclaimed material, the effect

should be greater. Based on these findings, further assessments

are being carried out to evaluate the stability of the strengths or

stiffness characteristics over time. From the environmental per-

spective, the application of the binder concerned in cold recycled

mixes is associated with certain problems; further risk identifica-

tion in relation to the contamination of the surrounding environ-

ment, primarily ground and surface waters, is necessary.

The experimental results of the cold recycling mixes bound

by mechanically activated fly-ashes as presented demonstrate a

contribution that materials, otherwise difficult to apply and

often qualified as waste or residuals, can make if the mechanical

activation process is employed. The fineness achieved by the

process and, primarily, the structural changes caused by high-

energy grinding result both in the possibility of utilising the

materials observed as a partial substitute for traditional binders,

particularly in the case of fly-ashes from fluidized combustion.

In the case of cold recycling mixes, they potentially eliminate

even the much more fundamental problem of water susceptibil-

ity and, therefore, poor durability of such mixes. However, with

respect to the fractions of reclaimed materials used, we can

assume that a greater effect should be visible in the case of

reclaimed materials with coarse grains. Based on these findings,

further assessments are in progress, which should evaluate the

permanence of the strength or stiffness characteristics in time.

From the environmental point of view, utilisation of this binder

in cold recycling mixes is partly a problem; further identifica-

tion of risks associated with contamination of the surrounding

environment, particularly underground and surface waters, is

necessary.
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ABSTRACT

Peats have low shear strength and high deformation characteristics. Peat is a naturally

occurring material that is extremely soft with a high moisture content and exists in an

unconsolidated state. The conventional binders used are cementitious materials, and the

introduction of a new binder, sodium silicate, with other additives gives a better output than

the conventional peat treatment. This article describes a laboratory study on the effect of

different compounds of cement–sodium silicate grout on void ratio and the coefficient of

secondary compression of fibrous peat. It is shown that by increasing the amount of sodium

silicate (within 2.5 %), cement, and kaolinite in treated peat, we were able to decrease the

mentioned properties of treated peat.
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Introduction

The stabilization of highly organic soils such as peat is much more demanding than the stabiliza-

tion of clay. The traditionally used cement, lime, and lime–cement mixtures are not necessarily

the most suitable for these soils. Instead, mixtures of cement and granulated blast furnace slag are

often used. These new binders have been extensively researched and tested both in the laboratory

and in the field [1–3]. In addition, in most countries, the need for the consolidation of soft soil
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deposits and the use of different improvement materials or

techniques is extensively high [4,5]. One of the problems with

applying this technology to organic soils is that organic matter

inhibits cementitious reactions. In fact, for all soils, inorganic

and organic, the properties of the stabilized product are

extremely difficult to predict, in part because of the lack of

understanding of the reactions of the soil, water, and binding

agent [6]. Therefore, construction on peat soils has proven to be

a challenging task, as this soil is highly compressible, has a low

strength, and retains neither its form nor its strength after

oxidation.

Huge numbers of poor foundation conditions are reported

in all areas of Malaysia where clay, mud, and peat deposits

appear. Accordingly, intensive geotechnical research work on

soil-improvement techniques in Malaysia is performed at three

universities: Universiti Putra Malaysia [7–10], Universiti

Teknologi Malaysia [11–13], and Universiti of Malaya [14–16].

Peat or peaty soil normally having a high organic matter con-

tent is generally associated with high compressibility and a high

magnitude and rate of creep [17]. It may also be associated with

poor strength characteristics and a risk of large deformation

[5,18]. Thus, peat soil is often viewed as a problematic soil

because its engineering properties are inferior to those of other

soft soils. It poses serious problems in the construction industry

because of its long-term consolidation settlement even when

subjected to a moderate load [7,19].

Anderssonl [1] investigated hydraulic cement-based bind-

ers for the mass stabilization of organic soils. He describes mass

stabilization as a new, environmentally friendly soil improve-

ment method in which stabilizer is mixed into peat, mud, or

soft clay. The results have been encouraging, showing that it is

possible to provide environmentally friendly solutions and

stabilize organic soils cost-effectively. Edil and Fox [20] studied

a field test of thermal precompression on peat. They presented

a new concept for the improvement of soft ground using mod-

erate heating to control post-construction settlement. Accord-

ingly, they provided the long-term creep behavior of a peat

based on laboratory oedometer tests involving step-stress and

step-temperature changes. Finally, the feasibility of thermal pre-

compression as a method of controlling or accelerating in situ

settlement has been discussed. Hampton and Edil [6]

investigated the strength gain of organic ground with cement-

type binders. They presented a synthesis of mixture tests con-

ducted in Delft, The Netherlands, and Madison, WI, on several

peats and an organic clay showing that the current experimental

techniques are not sufficient to create a comprehensive model

of strength gain in stabilized organic soil. Research is needed on

the fundamental chemical reactions contributing to changes in

the geotechnical properties of stabilized organic ground [6].

DenHamer et al. [21] investigated the stabilization of peat by

silica-based solidification. They developed a novel soil stabiliza-

tion concept (called peat silicification) in which soil properties

are modified in situ through encapsulation of the peat fibers

with a layer of silicate. The results could increase strength and

offer some resistance to biological and chemical oxidation. The

silicification process involves the addition of three components:

a cationic surfactant, a binding agent (a sodium metasilicate so-

lution), and molasses to stimulate microbial fermentation, lead-

ing to the production of organic acids that will harden the

geopolymer gel formed by the surfactant and binding agent.

They achieved strengths of up to 1MPa (UCS) in the laboratory

using this process.

The main aim of this study was to determine the effect of

cement–sodium silicate grout compounds on the void ratio (e)

and the coefficient of secondary compression (Ca) of fibrous

peats. Different ratios of grouts were tested in order to find the

effect of each compound on the mentioned properties of fibrous

peat.

Materials and Methods

Fibrous peat was collected from different locations in Kampung

Jawa, Kelang, southwest of Kuala Lumpur, Malaysia. The physi-

cochemical properties of fibrous peat are presented in Table 1.

Ordinary Portland cement, kaolinite [Al2Si2O5(OH)4], sodium

silicate, and calcium chloride were used to mitigate settlement

problems in fibrous peat.

In order to determine the effects of different compounds on

the compressibility parameters of fibrous peat, samples were

prepared by mixing a specified amount (as a percentage) of

cement, kaolinite, sodium silicate, and calcium chloride by

weight of wet peat. The dosages of the various compounds used

TABLE 1 Physico-chemical characteristics of untreated fibrous peats.

Parameters Method Fibrous Peat

Fiber content, % ASTM D1997-91 [22] 79.1

Moisture content, % BS 1377: Part 2: 1990, Clause 3 [23] 506.5

Specific gravity BS 1377: Part 2: 1990, Clause 8.4 [23] 1.26

Organic content, % BS 1377: Part 3: 1990, Clause 4 [23] 94.23

Bulk unit weight, kN/m3 BS 1377: Part 2: 1990, Clause 7 [23] 9.86

Degree of humification, % von Post [24] H3
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were as follows: cement, 5 %, 10 %, 20 %, and 30 %; kaolinite,

0 %, 10 %, 20 %, and 30 %; sodium silicate, 0 %, 1 %, 2.5 %,

3 %, and 5 %; and calcium chloride, 1 %. The samples were

prepared by first mixing thoroughly homogenized peat at its

natural water content with a household mixer and then adding

the desired amounts of kaolinite, calcium chloride, cement, and

sodium silicate. Three samples were prepared according to the

percent weight of wet peat, as per the ratio of additives, and the

average values of the results are reported. The samples were

transferred to cylindrical containers and kept in a tray contain-

ing water. The compressibility parameters of fibrous peats, in

vertical and horizontal directions, were evaluated with a Rowe

cell according to BS 1377 Part 6: 1990 [23]. The Rowe cell appa-

ratus is shown in Fig. 1.

Results and Discussion

INFLUENCE OF ORDINARY PORTLAND CEMENT

ON FIBROUS PEAT

The variation in secondary compression for 20 % and 30 %

cement and effective pressures ranging from 25 to 200 kPa is

shown in Fig. 2. It was observed that the coefficient of secondary

compression Ca decreased with the increase in cement. The Ca

of untreated peat was 0.122 at a pressure of 25 kPa. It decreased

to 0.00023 and 0.00008 with 20 % cement, and it decreased to

0.00008 with 30 % cement at the same pressure. Further, Ca was

observed to increase with an increase in effective pressure. For

untreated peat, it increased from 0.122 to 0.187 when the pres-

sure was increased from 25 to 200 kPa. Similarly, it increased

from 0.00023 to 0.00052 when the effective pressure increased

from 25 to 200 kPa for samples with 20 % cement and from

0.00008 to 0.0002 for the same increase in effective pressure for

samples with 30 % cement.

The variation in void ratio e with an increase in cement

content is shown in Fig. 3. The void ratio was observed to

decrease with an increase in cement content. The void ratio, at

an effective pressure of 10 kPa, was observed to decrease from

0.805 to 0.62 when the cement content increased from 20 % to

30 %. For samples with 20 % cement, it decreased from 0.805 to

0.79 when the effective pressure increased from 10 to 200 kPa.

Similarly, for samples with 30 % cement, it decreased from 0.62

to 0.61 when the effective pressure increased from 10 to

200 kPa. The void ratio was also observed to decrease with an

increase in effective pressure for all samples.

Pozzolanic reaction is responsible for the long-term

strength gain of stabilized soil, so in this case the pozzolanic

reaction might not be the main factor, because the samples were

FIG. 1 Rowe cell apparatus.

FIG. 2

Influence of cement concentration on coefficient of

secondary compression of fibrous peat.
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treated for less than a week. The ion exchange between calcium

ions from cement and calcium chloride from kaolinite also

would have decreased the mentioned parameters of the

samples.

INFLUENCE OF KAOLINITE ON FIBROUS PEAT

The variation of Ca with effective pressure for samples with

10 %, 20 %, and 30 % kaolinite is shown in Fig. 4 Ca was

observed to gradually decrease as the percentage of kaolinite

increased.

The Ca of untreated peat was 0.123 at an effective pressure

of 25 kPa. With the addition of 0 %, 20 %, and 30 % kaolinite, it

decreased to 0.0009, 0.00022, and 0.00007, respectively. Simi-

larly, the Ca of untreated peat increased with an increase in

effective pressure from 0.123 at 25 kPa to 0.187 at 200 kPa.

Similar variation in Ca was observed for samples with 0 %,

20 %, and 30 % kaolinite when the pressure was increased from

25 to 200 kPa.

The variation in void ratio with an increase in kaolinite is

shown in Fig. 5. The void ratio was observed to decrease with an

increase in kaolinite and with an increase in effective pressure

from 10 kPa to 200 kPa.

The void ratio was found to be 1.1, 0.69, and 0.62 for sam-

ples with 10 %, 20 %, and 30 % kaolinite at an effective pressure

of 10 kPa. The void ratio decreased with an increase in effective

pressure for all samples. For samples with 10 % kaolinite, the

void ratio decreased from 1.1 to 1.04 when the effective pressure

increased from 10 to 200 kPa. However, for samples with more

kaolinite, the void ratio showed a very small reduction, from

0.69 to 0.68 and from 0.62 to 0.61 for samples with 20 % and

FIG. 3

Influence of cement concentration on void ratio of fibrous

peat.

FIG. 4

Influence of kaolinite concentration on coefficient of

secondary compression of fibrous peat.
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30 % kaolinite, respectively. The effect of kaolinite on the com-

pressibility behavior is considered small relative to the effect of

cement.

These results agree well with the published results; with the

addition of kaolinite and calcium chloride, the adsorption of

organic compounds will increase and calcium may create a

bridge or connection (mentioned above) between the organic

compound and the mineral part of fibrous peat and kaolinite

[9,10].

INFLUENCE OF SODIUM SILICATE ON FIBROUS PEAT

The variation in Ca with changes in sodium silicate content and

effective pressure is shown in Fig. 6.

As observed from Fig. 6, the Ca decreased from 0.0008 to

0.0001 when the sodium silicate content increased from 0 to

2.5 % at an effective pressure of 25 kPa. With an increase in

sodium silicate content from 2.5 % to 5 %, a reversal in Ca was

observed. It increased from 0.0001 to 0.0003 at the same

pressure.

The void ratio, as shown in Fig. 7, decreased from 1.04 to

0.62 when sodium silicate was increased from 0 to 2.5 %. With

a further increase in sodium silicate content, the void ratio

increased, instead of decreasing, from 0.62 to 0.91, indicating

that the optimum dose of sodium silicate is 2.5 %.

This behavior could be due to the fact that the mixture of

cement and sodium silicate in the presence of calcium chloride

causes intensive hydration, and the OH� ions passing into the

solution are consumed in the reaction of depolymerization and

hydrolysis of silicate anions of the additives. When the concen-

tration of calcium and hydroxide ions reaches a certain value,

FIG. 5

Influence of kaolinite concentration on void ratio of

fibrous peat.

FIG. 6

Influence of sodium silicate concentration on coefficient

of secondary compression of fibrous peat.
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calcium hydroxides crystallize out of solution and finally lead to

the production of calcium silicate hydrate (C–S–H), which

improves the compressibility parameters of fibrous peat [14,15].

A polymerization process takes place to form a gel when

sodium silicate is mixed with soil. This gel makes the binder

behave as a glue to bond the soil particles together and as a filler

to reduce the void ratio of the soil.

Conclusions

Based on the results, the following conclusions can be drawn:

• Settlement, Ca, and e decreased gradually with an increase
in cement and kaolinite content. The effect of increased
cement content was more significant than the effect of
increased kaolinite content.

• All the parameters measured also decreased with an
increasing percentage of sodium silicate binder until an
optimum value was achieved. After the optimum percent-
age, an increase in the sodium silicate content increased
the compressibility parameters.

• Regarding the effects of cement and sodium silicate
(within 3 %) on the samples, the research showed that
when the percentages of these compounds were
increased, the compressibility parameters of fibrous peat
improved. This happens because the hydration of cement
and the fast reaction between cement and sodium silicate
causes hydrated calcium silicates to be formed, both via
precipitation of silicate ions of the additive and via release
of silicate and aluminate ions from the clinker.
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ABSTRACT

Infrastructure sustainability has become a major global concern. Massive reservoir siltations

(RS) have seriously disrupted the service of many reservoirs worldwide. The dredged

siltations are difficult to stockpile, or dispose of, because of their high water content and

soft nature. This study explores a novel approach using RS to produce controlled low-

strength materials (CLSM), reinforced with geobags that are used for storage and backfill

applications. Test results have shown that, initially, geobags provided a significant

contribution to the strength improvement of an RS-based CLSM. However, effective

reinforcement appears to be highly dependent upon the type of geotextile and the original

strength of the RS-CLSM. The results show a promising solution for reusing reservoir

siltations and ensuring a sustainable approach for the mitigation of a silted reservoir.

Keywords

reservoir siltation, controlled low-strength material, CLSM, geobag

Introduction

Since the United Nations World Summit 2005, environmental protection and infrastructure sus-

tainability have become major concerns for global social and economic development. Reservoirs

are an important resource for water supplies, irrigation, and flood control. Reservoir siltation (RS)

is caused by the flow of water and sediment into the reservoir. In general, all sediment transported

to a reservoir by a river is derived from erosion of the land surface. Chanson [1] and White [2]

reported that around 40 000 large reservoirs suffer from sedimentation; it is estimated that each

year, between 0.5 % and 1 % of the world’s storage capacity is lost. Over the past few decades in

Taiwan, total annual average reservoir siltations have reached about 1.36� 107 m3 as a result of

unfavorable environmental conditions and poor watershed management [3–6]. That is about 20 %
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of the reservoirs’ total effective storage volume, and it seriously

threatens the efficiency of all reservoir operations [4,5]. As a

result, the expeditious removal of the RS and finding an innova-

tive resource recovery for these materials have become priority

issues for national security, economic development, and envi-

ronmental protection. However, dredged RS materials contain

appreciable amounts of fines and water; therefore, only a small

portion of such material is reusable. They are neither easy to

dispose of, nor to stockpile because of their extremely soft ele-

ments. For example, over the past decade, a total of 3.78� 106

m3 dredged reservoir siltations have been sluiced to 13 retention

ponds in the proximity of the Shihmen reservoir, one of the

most important water resources in northern Taiwan (Fig. 1). It

has been difficult locating final dumpsites for these materials,

and the end result has been pond spaces incapable of accommo-

dating any more dredged materials (Fig. 2).

Recently, experts have proposed several technical solutions

to develop various trial applications for reusing dredged RS ma-

terial in areas such as construction fill, lightweight aggregates,

as a raw material in brick and cement manufacturing, paving

blocks for pedestrian walkways, chemical stabilization, agricul-

tural soil, etc. However, for economic reasons, none has been a

marketable success [3–5].

Controlled low-strength material (CLSM) or flowable fill is

a self-compacting, flowable, durable strength, cementitious ma-

terial used primarily as a backfill, void fill, or utility bedding in

lieu of a conventional compacted fill [7–10]. It consists of water,

cement, fly ash, or other similar byproducts, and fine or coarse

aggregates, or both [7,11]. During the past decades, many

researchers have well documented the performance and criteria

of CLSM for pipeline construction and other infrastructure

projects [3,7]. In comparison with conventional granular back-

fill, CLSM exhibits many advantages such as easy construction,

low cost, high strength, and low compressibility. In many cases,

it facilitates the backfill operation and ensures construction

quality [7,8,10,12–14].

For the production of CLSM, concrete sand and coal fly ash

are the most commonly used fine aggregates. However, the ACI

[11] has also recommended that any available recycled granu-

lated material may be considered as an alternative aggregate for

CLSM, as long as it has been tested prior to use. Non-standard

materials, such as boiler slag, recycled glass, cement kiln dust,

crumb rubber, incinerator ash, flue gas desulfurization materi-

als, and other similar granulated industrial byproducts have

been used in the past to replace fine aggregates in CLSM

[7,13,15–20]. Wu and Lin [3] successfully used RS as an aggre-

gate to produce RS-based CLSM (RS-CLSM), a flowable mate-

rial consisting only of cement, RS, and water. However, before

engineers use it for construction, there remains the unresolved

difficulty of an effective interim storage for the dredged RS.

FIG. 1

Dredged reservoir siltations have been sluiced to the

retention ponds for temporarily storage.

FIG. 2 Retention pond has been fully filled with dredged reservoir siltation.
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Geobags, made of polymer geosynthetics, are commonly

used as an innovative technology for reinforced soil structures.

In situ studies have demonstrated that piled geobags performed

well for bearing capacity and are suitable as backfill materials

for many infrastructure applications [21–23]. In practice, geo-

bags filled with natural soils have been successfully used as rein-

forced backfill in soft ground treatments. This is primarily

attributed to the mobilization of the tensile forces of the bags. It

is concluded that the use of geobags for earth reinforcement

could substantially improve the bearing capacity of soft material

by minimizing its deformation under working loads [21,23].

Therefore, it is reasonable to use them as a temporary storage of

RS-CLSM before it can be used in other backfill applications.

The procedure for using geobags with RS-based CLSM consists

of three steps. First, geobags are used as flexible forms to serve

as an interim measure to facilitate the stockpiling of RS-CLSM

in a fluid state. Second, the RS-CLSM contained in geobags

gradually hardens because of hydration and cementation of the

cement. Finally, the stone-like geobagged RS-CLSMs are readily

available as a structural backfill component for the construction

of future infrastructures.

This research is a feasibility study on using geobags filled

with flowable RS-CLSM for the improvement of RS storage and

future construction projects. The study focuses on exploring the

effects of geotextile reinforcement on improving the strength of

hardened RS-CLSM in geobags. This paper reports the findings

of laboratory investigations and demonstrates the beneficial use

of surplus dredged waste material to alleviate stringent, global

environmental challenges.

Experimental Program

The aim of this study’s experimental program is to investigate

the effect of geotextile’s reinforcement on the strength of RS-

CLSM. The results can then become the basis of future research

to explore the feasibility of using geobags to facilitate the RS-

CLSM storage issue. This study used representative RS samples

from the No. 7 retention pond near Shihmen reservoir (Fig. 3).

The particle-size distribution in the tested RS material is given

in Fig. 4. Based on Wu and Lin [3] the gray silty, clayey RS sam-

ple can be classified as CL in a unified soil classification system

with an averaged plasticity index of about 11 and a liquid limit

of 35. The observed specific gravity was 2.67. There were varia-

tions in the natural water content at different depths of the

dredged RS. Starting at 36.6 % on the surface, it gradually

increased to 48.7 % at a depth of 2.5m where sampling was ter-

minated. Although the dredged RS materials have been dehy-

drated for quite a long time, all tested values are higher than the

liquid limit, which further substantiates the difficulty of manag-

ing these materials.

Compositions of the RS material are dependent upon geo-

logical conditions in each watershed of the reservoir. The chem-

ical characteristics of the target RS have been investigated by

many researchers. Although tests have been conducted at differ-

ent locations, the RS is mainly composed of smectite clays con-

taining SiO2, Al2O3 and FeO3. Other trace minerals are CaO,

MgO, Na2O, K2O, and organics [3]. Table 1 summarizes the

chemical properties of the reservoir siltation collected by others

[3]. Table 2 shows the heavy metal results examined for RS

materials. As shown in Table 3, samples have been taken at dif-

ferent depths of the retention pond to investigate possible trace

elements of various anions in the dredged reservoir siltation [3].

Because reservoirs are important water resource facilities, their

surrounding environments are well protected from contamina-

tion. It is much less hazardous when compared to municipal

FIG. 3 Sampling of dehydrated dredged reservoir siltation.

FIG. 4 Particle size distribution of dredged reservoir siltation.

TABLE 1 Summary of chemical properties of the reservoir siltation

[3].

Minerals SiO2 (%) Al2O3 (%) Fe2O3 (%) Others (%)a

Contents 58.2� 69.3 17.2� 24.1 6.10� 8.50 6.10� 15.87

aOther minerals include CaO, MgO, Na2O, K2O, and trace organics.
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sewage or riverbed sludge that contains various amounts of

heavy metals or toxic substances [3,5]. The chemical analysis

indicates that the RS presents compositions similar to those of

natural clean earth materials; therefore, it can certainly be used

as a construction material, if properly treated.

Type I Portland cement, the most widely used cementitious

material, was selected for the proposed RS-CLSM. Based on

other studies, flowability and strength are the two most impor-

tant CLSM properties, and highly dependent upon the amount

of water within the composite [7,9,11,24]. Therefore, the weight

ratios of cement-to-water (C/W) and water-to-solid (W/S) were

selected as control parameters for the mix design [3]. The W/S

is, essentially, the CLSM’s water content; therefore, it is a perfect

indication of the amount of water within the material. With the

target RS, the optimal mix ratios (C/W¼ 0.3� 0.5, W/S

¼ 0.6� 0.8), developed in previous research, were selected.

These corresponded to the most appropriate flowability

(10� 20 cm) and the 28-day unconfined compressive strength

(400� 1500 kPa), to produce this study’s RS-CLSM [3].

The best practice for the production of the RS-CLSM is on-

site preparation, directly using dredged RS materials. For this

type of construction, field-batching facilities with appropriate

weighing and mixing apparatus should be established [18].

However, in this research, a dry RS was used to better control

the experimental results. Based on the design mix ratio, oven-

dried RS and cement were first blended dry, following a desig-

nated mix formula. Tap water was then introduced and the

sample was mixed using a Hobart mechanical mixer. Once the

mixing was completed, a representative slurry sample was im-

mediately extracted to test flowability and bleeding. The

remaining material was cast into cylindrical samples using

10 cm� 20 cm cylinder molds in accordance with ASTM

D4832-10 [25] for unconfined compressive strength tests. They

were numbered, sealed with plastic wrap, and stored in a 100 %

relative humidity curing room at a temperature of 25�C. They

were tested at ages of 1, 7, and 28 days for compressive

strength.

Two types of materials, polyester (PET) non-woven and

polypropylene (PP) woven geotextiles, were used for the geo-

bags in this study (Table 4). They are the most common materi-

als available on the market. The materials were cut into pieces

with appropriate size and then stitched to wrap around the

hardened RS-CLSM samples to simulate the effect of geobag

containment. Reinforced and unreinforced RS-CLSM samples

were then examined for deformation and strength based on

geotechnical engineering aspects. Each ratio mix was replicated

in three samples for cross verification, and all tests were per-

formed in accordance with the procedures outlined in ASTM

D4832-10 [25].

Results and Discussion

FLOWABILITY AND BLEEDING

Flowability is the most important attribute that makes the

CLSM attractive for backfill construction. It is primarily con-

trolled by the amount of water contained in the composite. The

larger the amount of water used, the higher the flowability.

However, greater water content may cause aggregate segrega-

tion, bleeding increase, and strength reduction. Therefore, the

main priority of the designed mix was selecting suitable water

content for the material to exhibit the best engineering perform-

ance [3]. Under such conditions, the RS-CLSM should not only

be flowable for easy construction, but also durable for structural

support.

Flowability was measured by procedures recommended by

ASTM D6103-04 [26]. For most applications, specifications

require an average flowability ranging from 20 to 30 cm [11]. A

minimum flowability of 18 cm is required to ensure fill place-

ment [17]. However, research also indicates that a maximum

flowability of slightly less than 40 cm may be acceptable as long

as the material provides suitable strength and there is no visible

segregation [13]. The flowability used for construction should

consider site condition variables and determine its most appro-

priate value based on each particular case. To simplify the mix-

ing design, this research used dredged RS as the only aggregate

to produce the RS-CLSM. For this type of mixture, Wu and Lin

[3] reported that a flowability of 15 to 20 cm has shown accepta-

ble performance for subgrade construction. For conventional

backfill applications, the RS-CLSM should be produced with

higher flowability to accommodate tight or restricted-access

areas where placing and compacting the fill is difficult. How-

ever, in this study, the RS-CLSM will not be used directly for

backfill; instead, it will be contained in geobags. Higher flow-

ability is not mandatory as long as the material maintains an

essential flowable condition. Excess water also leads to the risk

TABLE 2 The analysis of heavy metal for reservoir siltation [3].

Tested
Item (mg/kg)

Sample
A

Sample
B

Sample
C

Sample
D

Sample
E

EPA
Safety Limit

Cadmium ND ND ND ND ND 20

Lead 28.22 28.72 29.07 28.29 26.83 20 000

Copper 30.20 26.74 26.61 26.34 25.31 400

Zinc 138.62 146.57 124.17 127.8 123.03 2000

Chromium 17.82 14.36 15.77 17.01 16.71 250

TABLE 3 The analysis of trace anions for reservoir siltation [3].

Tested
Item
(mg/kg)

Upper Zone
(1.0� 1.6m
Below Grade)

Middle Zone
(2.5� 3.1m
Below Grade)

Lower Zone
(4.4� 5.0

Below Grade)

Sulfate 73.32 20.42 31.47

Chloride 0.32 0.02 0

Nitrate nitrogen 1.023 0 0

Phosphate 0.02 0.048 0.056
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of extreme consolidation and deformation when geobags are

stockpiled. Therefore, this research proposed a flowability of 15

to 20 cm for the geobagged RS-CLSM.

Bleeding is another important issue for quality control of

the CLSM in a fluid state. Mixtures with excessive bleeding are

highly likely to induce an unacceptable, weak formation in the

pavement, and a significant post-placement settlement. There-

fore, bleeding measurements, as per ASTM C940-10a [27], were

taken immediately after the mixing was completed, by directly

placing 800mL of each flowable sample into a 1000mL grad-

uated cylinder and measuring the volume of bleed water that

accumulated on the surface.

Table 5 shows the observed bleeding and flowability for the

RS-CLSM in its fluid state. All of the flowability values tested

within the design range of 15� 20 cm. The results clearly indi-

cate that flowability increased with an increase in the W/S ratio.

Increasing the amount of water tends to reduce the viscosity of

the flowable material, and therefore causes the flowability to

increase. The mixtures show a greater capacity of water reten-

tion because of the presence of clayey fines. In addition, a sub-

stantial increase in flowability is observed when the W/S ratio

reaches a value of 0.8, indicating a threshold amount of water

for the mixture’s viscosity. Further increase in the amount of

water only shows a slight improvement in flowability and tends

to cause unacceptable segregation.

The flowability also increases with the increase in C/W

ratios because the sample is prepared in such a manner that the

amounts of water and solids are fixed for a specific sample.

Increasing the amount of cement causes the clay to reduce by

an equal amount, and therefore causes an increase in flowabil-

ity. Although the W/S and C/W appear to be interactive with

each other, because both include the effect of the water, evi-

dence has shown that W/S ratios give direct indications for

flowability. The C/W ratios are more specific to representing

the potential of the cementation effects as those reported for

other cementitious composites.

The observed bleeding values ranged from 0.67 % to

1.33 %. Bleeding generally increased when the W/S ratio was

increased. Apparently, the amount of water used in the mixture

is the most notable factor that controls determined bleedings.

Other researches have also reported similar results and sug-

gested using 2 % to 3 % bleeding as the tolerable limit for the

production of the CLSM [15]. Based on this criterion, bleedings

for all of the RS-CLSM test samples are acceptable for construc-

tion. The RS material presents great potential of water absorp-

tion because of its smectite clay mineral composition [3]. The

results in Table 5 show that all of the given mix ratios conform

to the flowability and bleeding requirements.

UNCONFINED COMPRESSIVE STRENGTH

The RS-CLSM gradually hardened and achieved strength

through hydration of the cement. The composites were exam-

ined for strength after curing for 1, 7, and 28 days. Figure 5

shows selected test data for the observed unconfined compres-

sion strength (qu). Test results indicate that the qu value of each

mix varied as a function of W/S, C/W, and curing time. The qu
values increase when the C/W, W/S, and curing time are

increased.

For a given C/W ratio, an increase in W/S ratio causes the

amount of cement to increase, and therefore causes a higher

strength. Most specifications require the CLSM to have a mini-

mum strength for acceptable bearing capacity, and a maximum

strength to allow for future excavation [15]. The target

TABLE 4 Properties of geotextile materials for geobags.

Properties
PET Non-Woven

Geotextile
PP Woven
Geotextile

Nominal thickness (mm) 2.278 0.6

Apparent opening size (O95) (mm) �0.425 <0.075

Tensile strength (MD/CD) (kN/m)a 14.7/10.36 �40/40
Tearing strength (MD/CD) (N)a 309/263 �400/400
Puncture strength (N) 486 �400
Elongation (MD/CD) (%)a 52.81/63.15 206 3/156 3

aMD, machine direction; CD, cross machine direction.

TABLE 5 Properties of RS-CLSM in fluid state.

Sample No. Mix Ratio Bleeding (%) Flowability (cm)

1-1 W/S¼ 0.6 C/W¼ 0.3 0.67 15.1

1-2 0.67 15.1

1-3 0.67 15.7

2-1 W/S¼ 0.7 C/W¼ 0.4 1.33 16.1

2-2 0.67 16.6

2-3 0.67 16.8

3-1 W/S¼ 0.8 C/W¼ 0.5 1.33 18.3

3-2 1.33 18.5

3-3 1.33 18.1

FIG. 5 Unconfined compressive strength of different RS-CLSM mixes and

curing time.
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unconfined compressive strength is often required to be at least

345 kPa, whereas the maximum strength is often limited to

1380 kPa [11,13,15,28]. The observed values for the 28-day

strength were approximately between 400 and 1500 kPa, and

therefore generally satisfied the design considerations for con-

struction backfill. Because the maximum strength recom-

mended in the literature is 1380 kPa, using mix ratios of 0.8 for

the W/S and 0.5 for the C/W is considered unacceptable for a

higher strength. In addition, the proposed RS-CLSM herein will

be reinforced later with geobags. A mix ratio of W/S¼ 0.6� 0.7

and C/W¼ 0.3� 0.4 for a lower strength would be sufficient for

the final design. In conclusion, the RS-CLSM samples with these

mix ratios conform to flowability, bleeding, and strength

requirements.

EFFECT OF GEOTEXTILE REINFORCEMENT

The hardened RS-CLSM samples were wrapped with PET non-

woven or PP woven geotextile materials to simulate the effect of

a geobag reinforcement on strength development. Strength tests

were then conducted to observe the differences between both

the unreinforced and reinforced samples of the different types

of geobags, with different cure times (Figs. 6 and 7).

Representative results are given in Figs. 8–11 to show the

comparisons of such an effect. Although the stress–strain rela-

tionships vary, test results indicate that both geotextiles show

significant contributions to the strength increase. For group A

(W/S¼ 0.6, C/W¼ 0.3), the ultimate improvement ratio

(UIR¼ qu-reinforced/qu-unreinforced) is about 1.7 for the PP woven

material and about 3.98 for the PET non-woven material. The

measured axial strains at failure for the reinforced samples also

extend up to 28 to 65 times higher than that of an unreinforced

sample and causes their deformation to become more plastic.

For group B (W/S¼ 0.7, C/W¼ 0.4) with a higher unreinforced

strength, a similar tendency was observed, but with substantially

lower improvement ratios ranging from 1.24 to 1.64.

The effects of geotextiles on the stress–strain behavior of re-

inforced RS-CLSM are readily seen by comparing the results in

Figs. 8–11. For the ultimate condition, the use of the PET non-

woven geotextile presented a higher confinement than the PP

woven geotextile did. However, the original strength of the con-

fined RS-CLSM material again exhibited a noticeable effect on

the reinforcement. The effect of the reinforcement appears to be

highly dependent upon the original strength of the RS-CLSM

and the types of geotextile.

As the test results from Figs. 8–11 indicate, the fundamental

reinforcement mechanism when using geotextiles occurs when

an axial loading is acting on the contained RS-CLSM; the geo-

textile’s tensile strength will then be mobilized. The reinforce-

ment effectiveness appears to be affected by the tensile strength

and the maximum extension strain of the geotextile. Different

types of geotextiles have a considerably distinctive stress–strain

relationship. Generally, woven fabrics exhibit high tensile

FIG. 6 Hardened RS-CLSM sample reinforced with PET non-woven

geotextile.

FIG. 7 Unconfined compressive strength test for hardened RS-CLSM sample

reinforced with PP woven geotextile.

FIG. 8 Comparisons of unreinforced and reinforced strength (group A:

curing time, 7 days; W/S¼0.6; C/W¼0.3).
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strength and low elongation. Non-woven fabrics present rela-

tively lower strength, but with higher elongation and conform-

ability (Table 4).

As can be seen in Figs. 8–11, test results have shown that

samples with the PET non-woven geotextiles present significant

influences on the increase of strength development. The axial

stress values are continually developing an axial strain of about

60 %. Although the PET non-woven geotextile exhibits a lesser

tensile strength, it shows a more prominent effect on the rein-

forcement than that of the PP woven geotextile because of its

high-elongation characteristics. Figures 12 and 13 show the

appearance of both geotextiles upon the ultimate compressive

strength. The PP woven geotextile presents numerous tensile

ruptures within the fabric, whereas the PET non-woven mate-

rial only shows tearing failure along the stitched seam. Although

reinforced with geobags, substantial deformations are likely for

stockpiled RS-CLSM because of compression of the

unconsolidated material. Use of a non-woven geotextile for geo-

bag reinforcement appears to warrant a better performance

because of its higher conformability. The contained backfill ma-

terial also shows great influence on the stress–strain behavior.

Such findings concur with other researches [21,23]. Further

studies are underway to explore the feasibility of using full-sized

geobagged RS-CLSM for construction backfill.

BENEFICIAL EVALUATIONS

The disposal of dredged reservoir siltations is troublesome and

costly. The geobagged RS-CLSM developed in this study

presents a viable scheme for the potential use of extremely soft

dredged materials. The test results gathered in this research

indicate that the use of native RS for the production of RS-

CLSM results in comparable engineering properties of a con-

ventional CLSM. Furthermore, the use of geobags to reinforce

the RS-CLSM essentially alleviates the difficulty of piling up

FIG. 9 Comparisons of unreinforced and reinforced strength (group A:

curing time, 28 days; W/S¼0.6; C/W¼0.3).

FIG. 10 Comparisons of unreinforced and reinforced strength (group B:

curing time, 7 days; W/S¼0.7; C/W¼0.4).

FIG. 11 Comparisons of unreinforced and reinforced strength. (group B:

curing time, 28 days; W/S¼0.7; C/W¼0.4).

FIG. 12 The rupture of PP woven geotextile upon ultimate compressive

strength.
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massive amounts of soft dredged material. The stone-like geobags

will be useful as a structural component for many infrastructural

backfill applications and helpful in eliminating the consumption

of limited standard aggregates. Considering the increasing envi-

ronmental challenges and critically silted reservoirs in many

countries, this paper offers a different solution for the develop-

ment and building of a more sustainable environment.

Based on this study’s findings, the proposed alternatives

used for the improvement of reservoir maintenance are accepta-

ble. However, it should be noted that the derived results in this

research are site specific. The findings can only ensure the valid-

ity of the mixtures with the materials used in this study. It is

highly recommended that those interested in this type of mate-

rial perform site-specific experimental studies using local mate-

rials to generate specific mix designs.

Conclusions

The storage and disposal of dredged soft reservoir siltation is

difficult and costly in a congested area such as Taiwan. This

study’s proposed use of geobags to contain RS-based CLSM

presents an attractive alternative for the potential use of dredged

soft clayey materials. The results presented in this paper indi-

cate that the W/S and C/W ratios are the main control parame-

ters for the physical and engineering properties of the proposed

material. The observed values for the 28-day unconfined com-

pressive strength have shown good correlations with C/W, W/S

ratios, and curing times. Considering the criteria of flowability

and strength for geobagged RS-CLSM applications, the recom-

mended C/W and W/S ratios are 0.3� 0.4 and 0.6� 0.7, respec-

tively. The use of both geotextiles for the reinforcement of the

RS-CLSM presented significant contribution to their increased

strength. Improvement ratios between 1.24 and 3.98 were

found, with the PET non-woven geotextile showing the better

strength increase. In addition, the reinforcement effect appears

to be highly dependent upon the original strength of the

RS-CLSM and the type of geotextile. The study confirms that a

geobagged RS-CLSM with acceptable properties can be devel-

oped to alleviate the difficulty of depleting imperfect dredged

reservoir siltations. The proposed novel solution not only can

be used as a guideline for the development of such a beneficial

alternative, but also for other similar clay-based CLSMs.
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ABSTRACT

Cracking in epoxy asphalt concrete (EAC) used for a steel bridge wearing course has always

been a major cause of structural and functional deterioration of this material, particularly in

cold climate. Therefore, it is important to understand the complex fracture behavior of this

heterogeneous mixture, which is composed of irregularly shaped and randomly distributed

aggregates surrounded by asphalt mastics. A three-dimensional (3D) fracture model

independent of laboratory, based on the discrete element method (DEM), is reconstructed

using a randomly generating algorithm to investigate the fracture behavior. A bilinear

cohesive-softening model is implemented into the DEM framework to simulate the crack

initiation and propagation in EAC. Several experimental tests are performed to obtain input

parameters of materials for numerical models. The simulation results of a single-edge

notched beam test agree well with experimental results and accurately capture the stress

distribution and development of fracture zone. The modeling technique herein provides

insight into the progressive cracking process; 3D visualization of crack trajectories also

demonstrates the influence of heterogeneity on crack path. The 3D user-defined

microstructural DEM fracture model is capable of giving a realistic cracking process of quasi-

brittle materials such as EAC and can help us better understand various fracture

mechanisms through numerical simulations.
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Introduction

The epoxy asphalt has been successfully used in the wearing

course on top of steel decks in China in recent years, and there

have been many research projects on the performances of epoxy

asphalt concrete (EAC) consisting of thermosetting epoxy

asphalt binder and high quality aggregates. The thermosetting

nature of epoxy asphalt binder has significantly contributed to

the excellent field performanace of EAC, such as great resistance

to fatigue and permanent deformation [1]. This is because the

curing reactions can transform the epoxy resin contained in the

epoxy asphalt binder into plastic or rubber by a cross-linking

process, subsequently forming into a three dimensional rigid

molecular structure. However, cracking has been shown to be

the major distress in the epoxy asphalt layer of the wearing

course [2].

It is well known that many different fracture toughening

mechanisms occur in heterogeneous solid mediums such as

asphalt concrete (AC), including crack branching and bridging,

crack deflection, crack face sliding, and crack tip blunting.

Thus, material microstructure (including composition, distribu-

tion, and configuration) should be considered, since crack

growth is mainly influenced by these three factors. Additionally,

the quality of results obtained from simulating fracture in heter-

ogeneous materials is directly related to the appropriateness of

selected constitutive models. For quasi-brittle materials such as

portland cement concrete and AC, softening-type separation

models such as cohesive zone model (CZM) can be successfully

employed to capture the postpeak softening response noted in

Mode I (pure tension) fracture tests.

In the past decade, more realistic fracture modeling with

the consideration of heterogeneous material microstructure in

asphalt concrete has been studied using the finite element

method (FEM) [3,4] and discrete element method (DEM)

[5–10] with the implementation of CZM. DEM is an ideal

method which can simulate not only continuum but also granu-

lar properties, especially the fracture mechanism of asphalt con-

crete due to the following advantages: (1) changing contact and

moving boundary conditions does not pose convergence prob-

lems; and (2) larger deformations and frictional sliding between

particles or clustered assemblies can be handled routinely. Kim

and Buttlar [5,6] successfully developed a heterogeneous frac-

ture model using DEM and CZM to investigate various fracture

toughening mechanisms of AC and to simulate the initiation

and propagation of crack. This model was also used to predict

the size-dependent [7] and rate-dependent [8] nature of fracture

behavior, and to simulate mixed-model crack propagation [9].

The simulation results were also compared with the test results

of a disk-shaped compact tension test and a single-edge notched

beam test, respectively. However, the above model is 2D and

based on a high-resolution image processing technique. Obvi-

ously, the actual crack path is a 3D trajectory tunneling through

the specimen thickness rather than in 2D. Consequently, it is

necessary to investigate mechanical performances and crack

failure mechanisms of AC using 3D models.

Recently, 3D visualization and simulation of the micro-

structure of AC has been performed [10,11], where the X-ray

computed tomography technique or random particles genera-

tion was used. These 3D models can accurately depict the inter-

nal structures of asphalt mixtures and give more reliable results,

but they are time consuming.

The aim of this study is to demonstrate the potential bene-

fits of numerical prediction of fracture behavior and 3D crack

trajectories of EAC. In this work, a 3D heterogeneous fracture

model is reconstructed based on a randomly-truncating algo-

rithm, involving the cohesive-softening model (CSM), to model

the progressive fracture process and to simulate crack initiation

and propagation of the thermosetting EAC. The simulation of a

fracture test is performed using the model based on particle

flow code in 3 dimensions (PFC3D), with comparison to experi-

mental results to validate DEM simulation results. Selected

results are used to illustrate progressive fracture process and

show 3D crack trajectories in epoxy asphalt concrete.

Discrete Element Fracture Model

DIGITAL SAMPLE: A RANDOMLY GENERATED MODEL

In the last decade, micromechanics models have been developed

using DEM to simulate granular properties of AC [12–15]. To

rebuild the microstructure of AC (including 2D and 3D), two

methods were typically utilized: image-based models [14] and

user-defined models [15].

The major advantage of the image-based models is that they

are able to represent relatively accurate AC microstructure; the

disadvantage is that they are laboratory dependent. Thus, Liu and

You [11] developed a methodology for visualization and simula-

tion of AC with DEM; the gradation, shape, and distribution of

aggregates were considered. Aggregates in their study are ran-

domly generated rather than from generated from digital images.

In this study, virtual polyhedron aggregate particles were

generated using a randomly-truncating algorithm presented in

an earlier study [16]. A cube was selected as the original shape

and a polyhedron was formed by truncating the cube with sev-

eral reference planes. The internal zone of the polyhedron was

filled with uniformly sized balls, and all the balls fallen in the

polyhedron were bonded together to represent an aggregate.

Some of the randomly created polyhedron particles with irregu-

lar shapes are shown in Fig. 1, as example. The shapes, distribu-

tion, and sizes of aggregates can be controlled by user-defined

statistical parameters. Virtual aggregates also could be crushable

because the aggregate particles were simulated with clusters of

discrete elements.

The microstructure of a beam specimen was rebuilt with a

randomly created model presented in an earlier study [16]. The

Journal of Testing and Evaluation296

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



EAC mixture is considered as a three-phase composite: asphalt

mastic, air voids, and mineral aggregates with the size larger

than 2.36mm. A simple example of the procedure for the ran-

domly generated model is shown as Fig. 2.

Even though the asphalt mastic is actually a composite

aggregates finer than 2.36mm, as well as asphalt binder, it is

considered as a homogeneous medium and then simulated

using a cluster of discrete elements. Air voids were created in

the 3D digital sample by randomly deleting some mastic dis-

crete elements until the void volume percentage reached the

target. A total of ten digital samples with single-sized discrete

elements (1.0mm in radius) were created.

COHESIVE SOFTENING MODEL

An intrinsic bilinear cohesive softening model (CSM) [17], as

shown in Fig. 3, has been implemented as a user-defined model

in the DEM for numerical fracture simulations. Cohesive soften-

ing models are described by three parameters (two of them are

independent): cohesive fracture energy (uc), cohesive strength

(rmax), and separation/critical displacement (dsep). Fmax is the

contact force in maximum. Upmax(¼ dsep) is the accumulated

plastic displacement for which the bond strength softens to zero.

In general, cohesive energy is obtained from experiments

and can be represented as simply:

FIG. 1 Examples of randomly created polyhedrons.

FIG. 2

Sketch for a randomly generated model: (a)

graded balls, (b) uniformly sized balls, (c)

two-phase system, (d) air voids distribution,

(e) finalized digital sample.

FIG. 3 Concept of cohesive-softening model.
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uc ¼
ðdsep

0
rcðdÞdd(1)

The cohesive energy, assumed to be equivalent to the work of

fracture, is usually obtained from experiments, whereas the sep-

aration displacement is a parameter that is difficult to measure.

The verification of cohesive fracture had been established using

a double cantilever beam by Kim et al. [5].

Experimental Tests and Material

Parameters

SINGLE-EDGE NOTCHED BEAM TEST

For this study, a single-edge notched beam (SE[B]) was selected

as the laboratory test tool for the aforementioned modeling

approach. The SE[B] geometry can be readily fabricated from

laboratory compacted beams or slabs. The loading configuration

(three-point bend) allows for simple stress and ease of test con-

trol with closed-loop servo-hydraulic equipment. Constant ve-

locity (or displacement) boundary conditions are imposed at

the center of the top edge of the model in order to predict stable

fracture behavior. Further details of the notched beam fracture

test for asphalt concrete can be found in Ref. [18].

The EAC currently used is a typical steel deck bridge wear-

ing course mixture that consists of a 9.5mm nominal maximum

aggregate size (NMAS) and a 6.5 % epoxy asphalt binder by

weight of dry aggregates produced by Chemco System Com-

pany. The aimed air-void content is 1.68 %. Figure 4(a) plots the

aggregate gradation, Fig. 4(b) describes a simply-supported,

SE(B), 250mm in length, 35mm in height, and 30mm in thick-

ness. A mechanical notch was then inserted with a length of

7mm, giving a notch (a/H) ratio of 0.2. A closed-loop servo-hy-

draulic load frame (MTS 810) was used to perform the fracture

test, and the fixture span is 200mm. A total of ten specimens

were fabricated using rolling wheel compaction, cured for 4 h at

120�C, and then cut to the final dimensions.

The test was performed at �10�C and the beam loading

was performed with a constant load-line displacement (LLD)

rate of 1mm/min. The material fracture energy was computed

as the area under the load-LLD curve normalized by the initial

ligament length and beam width, and the self-weight of the

beam was neglected.

DIGITAL IMAGE CORRELATION SYSTEM

Recent work conducted by Birgisson et al. [19,20] has led to the

development of a digital image correlation (DIC) system to

describe plain displacement/strain fields in AC mixture testing.

Image correlation analysis involves measurement of the grey

scale values at each pixel location in the grabbed area. By com-

paring the grey scale values of images of a specimen during its

deformation with those of the initial image of the specimen, the

movement and deformation and, consequently, the

displacement of the central pixel of images can be determined.

The image sequence of a specimen is acquired with a digital

camera during fracture testing. The specimen surface is prop-

erly treated to generate a set of features (speckle pattern)

tracked by the algorithm along the sequence. From the image

coordinates, displacements and deformations can be evaluated

in image space and, with an appropriate scale factor, in object

space.

The system is made up of three elements: the hardware

(i.e., the digital camera and the illumination devices), the speci-

men set-up, and the software (image acquisition and process-

ing). A complementary metal oxide semiconductor-based

digital camera is currently used, which is located on a support

before a climatic material testing system chamber, as shown in

Fig. 5(a). A lighting system, created for the purpose of providing

adequate illumination of the specimen, and a laptop directly

connected with the camera are also used, as shown in Fig. 5(b).

A specimen requires a preliminary surface treatment to ensure

a successful image acquisition and the subsequent application of

the image correlation. The camera is set up at a distance away

FIG. 4 Illustration of SE(B) test for EAC (�10�C): (a) aggregate gradation of

EAC, (b) single-edge notched beam test fixture.
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from the specimen so that the resulting imaging window is

focused on a proper region of interest at around the location of

maximum stress, as shown in Fig. 5(c). The camera is set to ac-

quire 1/8 fps, which was determined by processing time and

data storage capacity.

DETERMINATION OF MATERIAL PARAMETERS

The overall material property of discrete element model could

be simulated through assigning a constitutive model at a certain

contact. A homogeneous material can be simulated using a sin-

gle constitutive model for all contacts of discrete elements,

whereas a heterogeneous material needs more than one consti-

tutive model for different contacting interaction behaviors.

There are four contact interactions in the EAC microstruc-

ture, including between adjacent aggregates (i.e., agg-agg),

within a single aggregate (i.e., agg-in), between an aggregate and

mastic (i.e., agg-mas), and within the mastic (i.e., mas-in). Four

different constitutive models are built for these four types of

contacts and each of them consists of three sections: stiffness

model, slip model, and bonding model. As shown in Fig. 6, at

contacts within mastic, the constitutive model was built by

employing CSM [17] as the stiffness model, as well as setting

the bonding strength and friction as the bonding model and slip

model [17]. At contacts between aggregates and mastic, the con-

stitutive model was built by employing CSM connected with a

spring element in series as the stiffness model as well as setting

the bonding strength and friction as the bonding model and slip

model. At contacts between aggregates, the constitutive model

was built by employing the contact-stiffness model [17] as the

stiffness model as well as the slip model. In this case, no bond-

ing model is available. Different from the contacts between

aggregates, the constitutive model at contacts within aggregates

is built with the contact-stiffness model, slip model, and a bond-

ing model. The detailed information about cohesive-softening

model, slip model, contact-stiffness model, and bonding model

is included in the PFC2D/3D manual [17,21].

The constitutive models within discrete element model are

micro-scale mechanical models built by synthesizing macro-scale

material behaviors from the interaction of micro-scale compo-

nents (balls or contacts to represent different material properties).

In order to determine the model parameters, macro-scale proper-

ties which can be measured directly from laboratory specimens

are needed. Liu et al. [15] developed and illustrated the conver-

sion from macro-scale properties to micro-scale model parame-

ters As shown in Fig. 6, Young’s modulus (E) and flexural

strength (rt) of basalt aggregates for the linear contact and

contact-bond parameters, were obtained using the flexural beam

test. Young’s modulus (E) of mastic was obtained at�10�C using

a uniaxial compressive modulus test. The CSM parameters were

determined using two experiments. Tensile strength (rt,

13.2MPa) of mastic was obtained with the indirect tension (IDT)

test following the AASHTO T322-03. The fracture energy (Gf) of

mastic was determined to be 465.5 J/m2 using a SE(B) test. The

cohesive parameters obtained through laboratory tests may not

represent the real intrinsic properties required for the CSM.

Thus, calibration via test results is required to arrive at more

appropriate local material parameters.

Heterogeneous Fracture Analysis

Current experiments limit the ability to measure all required pa-

rameters, especially the interface parameters. The modulus of

the interface is assumed as the same value of mastic. The

remaining parameters are estimated from the inverse analysis

and calibrated based on the experimental test data of mixture.

The material parameters for each phase are shown in

Table 1, and the calibrated cohesive energy was 250.9 J/m2,

which is less than the test result. The reason is that the labora-

tory fracture energy was measured using the area under the

load-LLD curve, which overestimates the energy required to

fully separate the material. The calibrated parameter was used

for the remainder of this study.

FIG. 5 Image correlation-based system: (a) digital camera, (b) computer and illumination, and (c) finite area for obtaining strain/displacement field.
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For the DEM simulations, constant velocity boundary con-

ditions are imposed at the center of the top edge of the model in

order to induce the desired Mode I fracture loading.

PROGRESSIVE FRACTURE PROCESS ZONE

As shown in Fig. 7(a), three DEM models give similar responses

of force versus LLD. In particular, three numerical results have

very good agreement on the peak load. The slight differentiation

in softening response may be attributed to the cracks traversing

through aggregates in the simulation, resulting in some fluctua-

tions in the softening curves. However, Fig. 7(b) shows that

there are significant differences in both the initial loading and

softening response on the force-displacement relationships

from laboratory experimental results. Generally, the overall

repeatability of the simulation appears to be totally satisfactory,

with the discrete coefficients (the ratio of variance to average)

being 1.7 and 2.6 % (peak load and fracture energy), while those

of laboratory are 4.2 and 10.2 %, respectively. The significant

variability of the experimental results can be attributed to the

instability of equipment and manpower. Instead, digital samples

being essentially computer-generated models have the potential

for reproducing exact symmetric loading conditions so that it

can provide better stabilized global response.

The 1# virtual specimen and 2# experimental specimen were

selected as example. Figure 8(a) provides the experimental and

numerical macro results as described in terms of force versus

LLD curve. The peak load and softening curve is quite reasonable

as compared to experimental results. However, the most

FIG. 6

Determination of DEM model parameters.

TABLE 1 Parameters for heterogeneous DEM fracture model (9.5 NMAS at �10�C).

Material Properties DEM Contacts Input Parameters

Phases E (GPa) rt (MPa) Contacts Interactions Normal Stiffness (GN/m) Shear Stiffness (GN/m) Bond Force (N) dsep (m)

Aggregate 56.1 24.1 agg-agg 0.224 0.0911 – –

agg-in 0.224 0.0911 110 –

Mastic 6.5 13.2 mas-in 0.026 0.0093 53 3.8� 10�5

Interface 6.5 10.5 agg-mas 0.026 0.0093 42 3.2� 10�5
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noticeable deviation is the initial loading portion of the curves

due to the characteristic of the bilinear CSM. The macro fracture

responses show generally good agreement with experimental

results, although better results could be obtained with a further

calibration procedure, and with a more sophisticated softening

model, which is beyond the scope of current work. Furthermore,

the force verses LLD curve also denotes that the brittleness of the

thermosetting EAC is more significant than the conventional

thermoplastic AC, especially at a low temperature.

Since a larger amount of energy supplied by the applied

load is consumed within the fracture process zone (FPZ), the

existence of the FPZ is significant for the fracture response after

the peak load is reached. To illustrate this phenomenon in

detail, the boundary of the zones of compression, tension, soft-

ening, and fracture in the SE(B) model as the force versus LLD

curve varying are captured from the DEM simulation. It is

noted that boundaries of several phenomena are used to

illustrate the progressive fracture process, but not the real sizes.

As shown in Fig. 8(b), during the fracture simulation of a

PFC3D synthetic material, the softening starts just at the time

of the initiation of the first crack (A). The boundary of the soft-

ening zone increases until passing the peak load (B). It then

gradually decreases as the post-peak fracture (C, i.e., crack prop-

agation) and a macrocrack occurs. Finally, a substantial number

of cracks traverse through a vertical path from the notch tip

and the fracture occurs (D). Therefore, the current heterogene-

ous DEM model can capture the stress distributions of develop-

ment of fracture zone during trial modeling.

PROGRESSIVE MICRO CRACK GROWTH PROCESS

Microcracks in a PFC3D synthetic specimen may only form

between bonded particles. Thus, the number and location of

potential microcracks are limited by the number and location of

the bonds in the initial model. Figure 9(a) depicts the total

number of normal- and shear-type microcracks (Nfn and Nfs,

FIG. 7 Heterogeneous SE(B) numerical and experimental results at �10�C:

(a) virtual test results, (b) experimental test results.

FIG. 8 Progress fracture process of the heterogeneous DEM model with

stress distribution: (a) load versus LLD curves, (b) numerical

progressive fracture process.
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respectively) versus load-line displacement, and force versus

LLD curve is also presented for comparison.

During a fracture test performed upon a PFC3D synthetic

material, it is considered that the load where the first crack

appears corresponds to the initial cracking measured in typical

experiments. Although the thresholds depend on the literature

reference and simulation level, it is quite reasonable as compared

to test results based on the digital image correlation technology.

The potential crack path might traverse through aggregates,

mastics and the interfaces. Figure 9(b) illustrates the develop-

ment of microcracks within different contact interactions as the

LLD increases. As the temperature decreases, the difference in

the strength between epoxy asphalt mastic and aggregates

decreases, resulting in some cracks traversing through the

aggregates, although most cracks travel around the aggregates.

3D MICRO CRACK TRAJECTORIES

In a PFC3D synthetic specimen, the geometry and location of

each microcrack are determined by the sizes and current

locations of the two parent particles from which the microcrack

originated. Each microcrack is assumed to be an 8-sided poly-

gon whose axis lies along the line joining the two parent

particles.

The center coordinate of the model is (0,0,0) and x, y, z

axes represent the directions of length, height, thickness, respec-

tively. As illustrated in Fig. 10(b), the red tensile cracks tend to

be oriented parallel with the direction of load application, and

the black shear cracks tend to be oriented at approximately 45�

to the direction of load application. The current 3D model pro-

vides a more realistic visualization of the progressive cracking

process, where the microcracks initiate from the notch and

propagate with tunneling through the model thickness in a ver-

tical path from the notch tip.

As stated above, the initial cracking load is 0.846 kN, which

corresponds to the point A as shown in Fig. 8(a). As the applied

force increases, the number of microcracks increases whereas

the growth rate decreases. It can be assumed that the point B

(peak load), as shown in Fig. 8(a), approximately corresponds to

the critical situation of the unstable crack propagation. As

shown in Fig. 9(a) in conjunction with Figs. 10(c) and 10(d), it is

noted that a huge substantial amount of microcracks

(Nf¼NfnþNfs, changes from 75 to 880) observed after the peak

force has been reached, following with a sharp decrease of force

(F, changes from 1.586 to 0.528 kN), which can be recognized

as the process of the unstable crack propagation. As shown in

the softening curve from Fig. 10(d), a substantial amount of

microcracks are clearly visible within the center area of the vir-

tual specimen, followed by fracture occurred with the final 1322

microcracks including 655 normal- and 667 shear-type

microcracks.

As shown in Figs. 11–13, the internal material of a beam may

be more likely to crack than the beam surface, resulting in an

inside crack appeared earlier than a surface crack. Thus, the

appearance of one thin surface crack cannot be absolutely con-

sidered as the starting point of initial cracking. This means that

one should use laser speckle interferometry, photoelastic coat-

ing, and the strain gauges to determine the real fracture process

in the laboratory. However, it can be seen from Figs. 8–13 that

the discrete element modeling is able to visualize the crack de-

velopment and to determine the critical points during the frac-

ture process. As previously mentioned, the DIC system

introduced here is capable of providing a dense and accurate

displacement/strain field of asphalt mixture at the microstruc-

tural level and is therefore suitable for detecting both crack ini-

tiation and crack propagation.

According to the image correlation approach, a nephogram

of the crack can be drawn using the relative displacement differ-

ential between the two sides of a crack, as shown in Fig. 14(a).

Figure 14(a) shows the 2D nephogram of the in-plane transverse

displacement of the specimen. The in-plane displacement is dis-

continued and the discontinued value is exactly the size of the

FIG. 9 Number of microcracks versus load-line displacement: (a) number of

tensile and shear microcracks versus displacement, (b) number of

microcracks within different contact interactions versus displacement.
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crack. Cracking can be easily observed from the 2D nephogram.

The 3D nephgrams are also described as shown in Fig. 14(b)

through Fig. 14(d) so as to accurately measure the size of the

crack. The nephograms show that the x-axis represents the

length direction of the beam, the y-axis, the height direction of

the beam in accordance with the FE direction in Fig. 14(a) and

the z-axis, the cracking size. The unit in the figure is pixel.

According to the calibration results before the test, the relation-

ship between length and pixel is about 14.3 lm per pixel. It can

be seen from Figs. 14(b) to 14(d) that the crack width at point F

is measured to be 0.091, 0.14, and 0.19mm, respectively.

As shown in Table 2, it is noted that the virtual test results

using DEM models have a good agreement with those of DIC.

Since the DIC system appears to be a successful technology in

FIG. 10 Numerical progressive cracks propagating process: (a) first microcrack at an applied force of 0.846 kN (crack initiation), (b) 14 microcracks at an applied force of

1.250 kN (stable crack propagation), (c) 75 microcracks at an applied force of 1.586 kN (peak load), (d) 880 microcracks at an applied force of 0.528 kN (unstable

crack propagation), (e) 1322 microcracks in the specimen at fracture.
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FIG. 11 Positive surface of crack progressive development (x-0� ,y-0� ,z-0�): (a) first crack, (b) 14 cracks, (c) 75 cracks, (d) 880 cracks, (e) 1322 cracks.

FIG. 12 Top surface of crack progressive development (x-90� ,y-0� ,z-0�): (a) first crack, (b) 14 cracks, (c) 75 cracks, (d) 880 cracks, (e) 1322 cracks.

FIG. 13 Side surface of crack progressive development (x-0� ,y-90� ,z-0�): (a) first crack, (b) 14 cracks, (c) 75 cracks, (d) 880 cracks, (e) 1322 cracks.
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the analysis of a 2D displacement full-field during asphalt con-

crete fracture testing [18,19], the 3D discrete element modeling

is also demonstrated to be a powerful tool to investigate tcrack

development in asphalt concrete material.

Conclusions

This study presents a user-defined microstructural DEM model,

which combines laboratory experiments and numerical

simulations to predict the fracture behavior and crack growth of

heterogeneous epoxy asphalt concrete. Based on the results, the

following conclusions can be drawn:

• A 3D heterogeneous DEM model for EAC is recon-
structed using a randomly generating algorithm, to suc-
cessfully achieve visualization and simulation. Although
the user-defined model only partially represents real ge-
ometry of aggregate particles, it is a lab-independent
approach.

FIG. 14 Nephpograms of the crack during the fracture test: (a) 2-D horizontal displacement field at crack initiation, (b) nephogram at crack initiation, (c) nephogram at

crack propagation, (d) nephogram at fracture.

TABLE 2 Parts of numerical and experimental test results.

DEM DIC

Index 1# 2# 3# 5# Average 2# 4# 5# 7# Average

Crack width at initial cracking 0.088 0.089 0.086 0.090 0.088 0.091 0.085 0.093 0.092 0.090

Crack width at peak load 0.16 0.14 0.15 0.15 0.15 0.14 0.11 0.13 0.14 0.13

Crack width at fracture 0.22 0.23 0.21 0.22 0.22 0.19 0.18 0.22 0.20 0.20

Initial cracking load 0.848 1.347 1.155 1.084 1.109 0.984 1.124 1.283 1.012 1.101

Peak load 1.586 1.670 1.607 1.582 1.611 1.564 1.530 1.593 1.614 1.575
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• The calibrated cohesive-softening fracture model success-
fully simulates single-edge notched beam test. The overall
repeatability of the simulation appears to be very satisfac-
tory. Computer-generated models are equipped to repro-
duce exact symmetric loading conditions so that it can
provide better stabilized global response. The trends in
peak load and corresponding load-line displacement
matched favorably with experimental results. Simulation
results also demonstrate the ability to accurately capture
the fracture zone evolution and stress distribution within
the specimen.

• Crack initiation condition is determined as long as the
first crack appears. The segment from initial cracking to
peak load can be taken as the stage of the stable crack
propagation, with peak load representing the critical
unstable point of crack propagation; the segment crossing
peak load describes the unstable fracture. The develop-
ment of microcracks within different contact interactions
is also captured, and it is demonstrated that due to the
high strength of epoxy asphalt mastic at low temperature,
some cracks traverse through aggregates, although most
of them travel around the aggregates. The current 3D het-
erogeneous model provides a more realistic representa-
tion of the progressive cracking process, where the
microcracks initiate from the notch and propagate with
tunneling through the model thickness in a vertical path
from the notch tip. The results performed using DEM
method have good agreements with those of DIC system.

• The results shown in this work indicate that 3D heteroge-
neous microstructure models have the potential to use as
an efficient design and analysis tool to reduce the amount
of expensive and time-consuming experimental tests.
Complex fracture behavior of EAC can be predicted
when properties of mixture constituents and geometric
features of aggregate particles are obtained and
considered.

• The methods developed have potential applications in
mix design and performance predictions for EAC.
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ABSTRACT

In this paper, a procedure for estimation of effective modulus of a multilayered hot mix

asphalt (HMA) pavement using intelligent compaction (IC) is investigated. The study is

conducted during the construction of an interstate highway (I-35) in Norman, OK. A

complete coverage of the level of compaction of each of the asphalt pavement layers was

recorded using the intelligent asphalt compaction analyzer (IACA). The collected IACA data

allow determination of the level of compaction (density) at any selected location, for each

layer, and provided a set of global positioning system (GPS) coordinates. Calibration

procedures have previously been tested and validated by the authors to estimate the

density of different types of pavements from IACA data. In this paper, a different calibration

procedure is used to measure the dynamic modulus instead of the density of a pavement

using IACA. Considering the IACA estimated density, the dynamic modulus of each of the

selected locations for an individual pavement layer was measured from laboratory

developed master curves. Thereafter, an effective modulus of the three-layer pavement

system was calculated for all of the selected locations using Odemark’s method. The

proposed technique was verified by conducting falling-weight deflectometer (FWD) tests at

these selected locations. Analyses of the results show that the proposed intelligent

compaction technique may be promising in estimating the effective modulus of the

pavement layers in a non-destructive manner. In addition, the Witczak model was used to

estimate moduli of each of the pavement layers. The comparison of the Witczak model with

FWD revealed that the model over-predicted the modulus significantly.
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Introduction

Quality assurance (QA) and quality control (QC) programs

provide agencies and contractors the means to ensure that the

desired results are obtained to produce high-quality and long-

life pavements. Verification of the level of compaction is an

essential component of QA and QC functions during the con-

struction of hot mix asphalt (HMA) pavements [1–6]. Tradi-

tional QA and QC procedures include a variety of laboratory

and field test methods that measure volumetric and surface

properties of pavement materials [1]. Accurate real-time deter-

mination of stiffness and density of pavements during construc-

tion allows quality control of mix parameters to match as close

as possible with the design values.

QA procedures that are commonly used during the construc-

tion of asphalt pavements require extraction of roadway cores

from the finished pavement and may additionally require several

measurements using a point-wise density measurement tool, such

as a nuclear density gauge [7]. Whereas the density measured

from the cores provide an accurate indication of quality, these

tests are destructive in nature and a source of some of the per-

formance issues, such as potholes that reduce the useful life of

pavement [3,5,8]. In addition, any quality issues that are identi-

fied during this process cannot be easily rectified after the pave-

ment has cooled down. Spot tests using nuclear or non-nuclear

density gauges provide a quick measurement of the level of com-

paction, but have inherent limitations that reduce their effective-

ness as QA methods. Furthermore, the above QA methods are

time consuming to perform and are only helpful in determining

the density of pavement layer at a discrete number of points [3,5].

Although the measurement of finished pavement density is

a widely accepted method for acceptance, such measurements

are only an indirect way of assessing the desired pavement

property, namely, stiffness. Because pavement is designed to

have adequate strength and stiffness to withstand traffic loads,

the property of interest is stiffness of the finished pavement

layers and not their densities. As a result, there is an emerging

consensus that the stiffness (modulus) of the asphalt pavement

is a better indicator of its performance [1,9].

The falling-weight deflectometer (FWD) is currently one of

the most accepted techniques for measuring the modulus of dif-

ferent layers in an asphalt pavement [10,11]. The FWD meas-

ures road surface deflections resulting from an applied impulse

loading. The measured surface deflections are used to backcal-

culate pavement layer moduli. However, the FWD testing

method has several limitations that prevent its use as a QC

method. Mainly, the FWD test has to be performed on pave-

ments after they cool down, usually after 24 h of the completion

of construction. As a result, any quality issues that are identified

cannot be easily rectified. In addition, the backcalculation tech-

niques that have been used so far have been cumbersome and

time consuming [12].

The complexity of asphalt pavement compaction and the

limitations of the spot tests have led researchers to develop

advanced compaction technologies for improving the as-built

quality of the pavements [7]. Intelligent compaction (IC) is a

promising technology that can improve the quality of the road

being constructed while reducing the associated cost and adverse

environmental impacts. It provides a real-time complete coverage

of the compaction area, and also reduces compaction costs result-

ing in significant overall construction cost saving [2,3,5,7,13–19].

As a result, several agencies in the United States have launched

programs to evaluate different technologies and determine the

maturity of such technologies for implementation [13].

The current research in intelligent compaction of HMA

pavements demonstrates the application of continuous compac-

tion control to achieve uniform compaction. Development of

techniques to measure dynamic modulus of asphalt mixes over a

wide range of temperatures and frequencies would be helpful in

determining the quality of asphalt pavements during construc-

tion. The estimation of modulus in real time will alleviate the

quality control issues during the construction of HMA pave-

ments. Further, mapping of the modulus of the finished pavement

will facilitate the acceptance testing of the constructed roadway.

In this paper, a procedure to estimate effective modulus of

pavements during construction is demonstrated. Given a location

on the pavement, the estimated modulus of each layer is used to

determine the effective modulus of the combined pavement

layers. The estimated modulus at the selected location is then

verified through FWD measurements. The proposed method is

non-destructive in nature and will help prevent under/over com-

paction of an asphalt pavement and achieve uniform compaction.

Intelligent Asphalt Compaction

Analyzer (IACA)

The IACA functions on the hypothesis that the vibratory roller

and the underlying pavement layers form a coupled system

[14–16,20]. The response of the roller is determined by the fre-

quency of its vibratory motors and the natural vibratory modes

of the coupled system. Compaction of a pavement increases its

stiffness and as a consequence, the vibrations of the compactor

are altered. The knowledge of the properties of the mat and the

vibration spectra of the compactor can, therefore, be used to

estimate compacted modulus of the mat. That can be seen from

the constitutive equation of the visco-elastic-plastic (VEP)

model that was developed by Beainy et al. [8,21].

md þmað Þ€zd ¼ md þmað Þ€za ¼ mecrecx
2
ec sin xectð Þ
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where:

md ¼ the mass of the roller drum (kg),

ma¼ the mass of the asphalt mat under the roller drum

(kg),

mecrec¼ the moment of the eccentric mass,

xec¼ the angular frequency of rotation,

za¼ the displacement of the asphalt layer,

Fa¼ the reaction force of the asphalt layer,

zd ¼ the displacement of the drum,

zf ¼ the displacement of the frame,

kdf ¼ the drum-frame stiffness coefficient,
_zd ¼ the velocity of the drum,
_zf ¼ the velocity of the frame,

gdf ¼ the drum-frame damping coefficient,

ma¼ the asphalt weight,
€zd ¼ the vertical acceleration of the drum,
€za¼ the vertical acceleration of the asphalt pavement, and
€zf ¼ the acceleration of the frame.

The functional modules of the IACA system are schemati-

cally shown in Fig. 1. The sensor module (SM) consists of accel-

erometers for measuring the vibrations of the compactor drum

during operation, infrared temperature sensors for measuring

the surface temperature of the asphalt mat being compacted,

and a user interface for specifying mix type and lift thickness.

The feature extraction (FE) module computes the fast Fourier

transform (FFT) of the input signal and extracts the features

corresponding to vibrations at different salient frequencies. The

artificial neural network (ANN) classifier is a multi-layer ANN

that is trained to classify the extracted features into different

classes where each class represents a vibration pattern specific

to a pre-specified level of compaction. The calibrated compac-

tion analyzer (CA) maps the output of the ANN into a density

or modulus (depending on the used calibration procedure)

value in real time [20].

Training IACA to Estimate the Level

of Compaction

The IACA has to be trained and calibrated prior to its use to

determine the compaction levels achieved. For that purpose, a

10-m-long control strip is constructed first. The vibrations of

the roller are measured using an accelerometer mounted on the

axle of the drum. The power content in the vibration signals

during each roller pass is then calculated, and the lowest and

the highest power levels are determined [14–16]. Five equally

spaced power levels between the lowest and the highest power

levels are identified and the features corresponding to these five

power levels are used to train the ANN. During compaction, the

ANN observes the features of the roller vibration and classifies

them into one of the five reference levels. Figure 2 shows typical

features corresponding to the five different compaction levels

extracted from the spectrogram of the vibration signals. In this

figure, the lowest level corresponds to the case where the roller

is operating with the vibration motors turned off, and the high-

est level corresponds to the case where the maximum vibrations

are observed. It is assumed that the characteristics of the under-

lying pavement layers do not vary extensively over the project

extent. Therefore, any changes in the spectra of the vibrations

are a result of the compaction achieved in the topmost asphalt

layer. Large variations in the properties of the underlying pave-

ment layers are usually a result of pavement failure or insuffi-

cient site preparation. These effects result in low compaction,

even after several roller passes and can easily be detected [21].

Calibrating IACA to Measure

Modulus

After the IACA is trained to classify the vibrations into different

levels of compaction, it is calibrated to reflect the modulus of

pavement layer after construction. To accomplish this, dynamic

modulus tests for the mix used in the construction of the

asphalt mat are performed according to the AASHTO TP62-03

test method [22]. From the master curves, the modulus value

(MT) at the target density (i.e., 94 % of theoretical maximum

specific gravity, equivalent to 6 % air voids) of the compacted

mix (from the mix design sheet) is noted at selected tempera-

ture and frequency. This modulus value is assumed to be the

highest modulus that can be achieved during the compaction of

pavement. Likewise, the lowest modulus value observed, (Mld),

is assumed to correspond to the lay down density (i.e., 88 % of

theoretical maximum specific gravity, equivalent to 12 % air

voids) of the asphalt mat at same temperature and frequency.

The modulus estimated by the ANN model (Mi
NN ) at location

Piði ¼ 1;…; nÞ, is then approximated as a linear relationship

FIG. 1

Functional schematic of the IACA.
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between the stiffness of the pavement and the observed levels of

vibration:

Mi
NN ¼ Mld þ k� liNN þ off(2)

where:

Mi
NN¼modulus estimated by the neural network,

k¼ slope,

off¼ offset, and

liNN¼ compaction level estimated by the neural network.

The initial slope is assumed to be equal to

MT �Mldð Þ=(number of compaction levels), and the initial off-

set is set to 0.

All of the modulus values that are used during calibration

(MT and Mld) correspond to the standard temperature and fre-

quency at which FWD measurements are provided (21�C and

5Hz). Therefore, Mi
NN or the IACA estimated modulus value is

at 21�C and 5Hz.

It should be noted that the determination of the highest

and lowest modulus values that can be achieved during the

compaction of pavement for calibration purposes can be done

through alternative methods. For example, empirical or ANN

prediction models can be used to determine these values for a

particular mix design. Several predictive models have been

developed and evaluated, such as the original and modified

Witczak equation, Hirsch model, etc. [23].

The modulus estimated by the IACA after the initial cali-

bration is based on the assumption that the target modulus for

the specified mix is indeed achieved during the compaction in

the field. However, several factors, such as the compaction

equipment, rolling pattern, lay-down temperature of the mix,

lift thickness, etc., influence the actual modulus of pavement at

any given location. To account for these deviations, the effective

modulus of the compacted pavement were measured using a

FWD, and the slope and offset in Eq 2 were recalculated to min-

imize the error between the IACA estimated and measured val-

ues. If the modulus measured at location Pi is represented by

Mi
FWD, then the measurement error is given by ei and can be

calculated as

ei ¼ Mi
NN �Mi

FWD ¼ Mld þ k� liNN þ off �Mi
FWD(3)

Minimizing the mean-square error (MSE), one obtains the

desired slope, k:

k ¼

Xn
i¼1

Mi
FWD �Mi

ld � off
� �

� liNN
� �

Xn
i¼1

Mi
NN

� �2(4)

The new offset is calculated as the mean error between the

IACA estimated and the measured stiffness, that is

off ¼ 1
n

Xn
i¼1

Mi
FWD �Mi

NN

� �
(5)

It should be noted that the Mi
FWD (effective modulus) values

were obtained from the calibration stretch. Therefore, the per-

formance analysis by comparing the IACA estimated modulus

to the FWD effective modulus in the validation stretch is still

valid (Fig. 3).

FIG. 2

Spectral features corresponding to five levels of

compaction.
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Field Testing and Validation

The ability of the IACA in estimating the dynamic modulus of a

multi-layer HMA pavement was investigated during the con-

struction of Interstate I-35 in Norman, OK. This project

involved the expansion of the existing highway, stabilizing the

subgrade to a depth of 200mm using 10 % cement kiln dust

(CKD), followed by a 200-mm-thick aggregate base. The base

layer consisted of 100-mm-thick asphalt layers of 19-mm nomi-

nal maximum aggregate size (NMAS) S3 (64-22 OK), whereas

second and third layers were constructed with 19-mm NMAS

S3 (76-28 OK) consisting of 100-mm and 75-mm thicknesses,

respectively.

Calibration of IACA System

MATERIAL COLLECTION AND SAMPLE PREPARATION

Loose HMA mixes of type S3 (PG 64-22 OK) and S3 (PG 76-28

OK) were collected from the construction site during the time

of pavement construction. The S3 (PG 64-22 OK) type of mix

was used in base layer, whereas S3 (PG 76-28 OK) mix was used

in second and third layers of pavement. The nominal maximum

aggregate (primarily limestone) size for all mixes was 19mm.

The base mix contained approximately 20 % 25-mm rock, 44 %

manufactured sand, 11 % sand, 25 % recycled asphalt pavement

(RAP), and 4.1 % PG 64-22 OK binder. The second and third

layer mixes contained approximately 22 % 25-mm rock, 50 %

manufactured sand, 13 % sand, 15 % recycled asphalt pavement

(RAP), and 4.1 % PG 76-28 OK binder. The gradations and

other volumetric properties of all HMA mixes are given in Table

1 and Table 2, respectively. Loose HMA mixes were preheated in

an oven, and specimens were compacted using a Superpave gyra-

tory compactor (SGC). Three replicates of specimens were com-

pacted at 6 %, 8 %, 10 %, and 12 %6 1 % target air voids levels.

Initially, samples having 150-mm diameters by 167.5-mm

heights were prepared. Then, the test specimens of 100-mm-di-

ameter samples were cored from the center of the gyratory com-

pacted specimens, and sawed from each end of the specimen to

get final sample of size 100-mm diameter by 150-mm height.

The volumetric analysis was conducted to obtain effective binder

content (Vbeff), the voids in mineral aggregates (VMA), the voids

filled with asphalt (VFA), and the air voids (Va) for all of the

mixes (Table 3).

DYNAMIC MODULUS TESTING

Dynamic modulus was measured for all collected mixes at four

different air voids: 6 %, 8 %, 10 %, and 12 %. The wide range of

air voids were selected to capture variation in the compaction

quality during the construction of a pavement in the field.

FIG. 3 Illustrations of the lay-out of the calibration and validation stretches.

TABLE 1 Aggregate gradations.

Material
(%)

Base
Layer

Second and
Third layer

25mm rock 20 22

Manufactured sand 44 50

Sand 11 13

RAPa 25 15

Sieve size (mm) Gradation (% passing)

25 100 100

19 98 98

12.5 87 87

9.5 80 80

4.75 58 62

2.36 37 40

1.18 25 27

0.6 19 20

0.3 12 12

0.15 4 5

0.075 2.9 2.8

aRAP, reclaimed asphalt pavement.
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Dynamic modulus tests were performed using a MTS servo-

hydraulic testing system. The test specimen was placed in an

environmental chamber and allowed to attain equilibrium to

the specified testing temperature 60.5�C. The temperature of

the specimen was monitored using a dummy specimen with a

thermocouple mounted at the center. Two linear variable differ-

ential transducer (LVDTs) were mounted on the specimen.

Two friction-reducing end treatment or teflon papers were

placed between the specimen ends and loading plates. To begin

testing, a minimal contact load was applied to the specimen. A

sinusoidal axial compressive load was applied in a cyclic man-

ner to the specimen without causing any impact. The test was

run on each test specimen at four different temperatures,

namely, 4�C, 21�C, 40�C, and 55�C, starting from the lowest

temperature to the highest temperature. For each temperature

level, the test was run at different frequencies from the highest

to the lowest, namely, 25, 10, 5, 1, 0.5, and 0.1Hz. Prior to test-

ing, the sample was conditioned by applying 200 cycles of load

at a frequency of 25 Hz. The load magnitude was adjusted based

on the material stiffness, air void content, temperature, and fre-

quency to keep the strain response within 50–150 micro-strains.

The data was recorded for the last five cycles of each sequence.

Dynamic modulus tests were performed according to the

AASHTO TP62-03 [22].

DEVELOPMENT OF THE MASTER CURVES

Dynamic modulus of asphalt mixes can be shifted along the fre-

quency axis to form single characteristic master curves at a

desired reference temperature or frequency. The master curve is

generated at a reference temperature of 21�C using the proce-

dure outlined in Bonaquist and Christensen [24]. Equations 6

and 7 show the sigmoidal function and shift factor used for

TABLE 2 Volumetric property of mixes.

Volumetric
Properties

Base
Layer

Second and
Third Layer

Gmm 2.505 2.523

Gse 2.671 2.677

Gsb 2.645 2.657

Gb 1.01 1.01

Binder type PG 64-22 PG 76-28

Pb (%) 4.1 4.1

VMA (%)

Minimum 14.1 14.81

Maximum 20.4 20

VFA (%)

Minimum 39.9 41.9

Maximum 62.2 60.8

Va (%) 6, 8, 10, 12

Aggregate type Limestone Limestone

Mix type Recycled Recycled

Note: Gmm¼maximum theoretical specific gravity mixture, Gsb¼ bulk
specific gravity of aggregate, Gse¼ effective specific gravity of aggregate,
Gb¼ specific gravity of binder, Pb¼ asphalt content, VMA¼ voids in
mineral aggregates, VFA¼ voids filled with asphalt, and Va¼ air voids.

TABLE 3 Volumetric properties of compacted samples.

Base Layer (mix-S3 64-22) Second and Third Layer (mix-S3 76-28)

Sample

Target Air Voids (%) (%) 1 2 3 1 2 3

6 Va 5.4 5.6 5.6 6.5 6.4 6.4

VMA 14.1 14.3 14.3 14.9 14.8 14.7

VFA 62.2 61.4 61.5 60.1 60.4 60.8

Vbeff 8.8 8.8 8.8 8.9 8.9 9.0

8 Va 7.3 7.2 7.2 8.3 8.1 7.9

VMA 15.8 15.7 15.7 16.5 16.3 16.1

VFA 54.5 54.7 54.9 53.3 53.9 54.6

Vbeff 8.6 8.6 8.6 8.8 8.8 8.8

10 Va 9.3 9.6 9.1 9.6 10.2 9.8

VMA 17.7 17.9 17.5 17.7 18.3 17.9

VFA 47.7 46.9 48.3 48.9 47.0 48.3

Vbeff 8.4 8.4 8.4 8.6 8.6 8.6

12 Va 11.5 12.4 12.4 12.2 11.7 12.0

VMA 19.7 20.4 20.4 20.0 19.6 19.9

VFA 41.8 39.9 39.9 41.9 43.2 42.3

Vbeff 8.2 8.1 8.1 8.4 8.4 8.4

Note: Va¼ air voids, VMA¼ voids in mineral aggregates, VFA¼ voids filled with asphalt, and Vbeff¼ effective asphalt content by volume.
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fitting the master curve. A nonlinear optimization program was

used for simultaneously solving these unknown parameters:

log E�j j ¼ dþ max� dð Þ

1þ ebþc log fð Þþc 10 AþVTS logTRð Þ�log gt¼r
� �� �(6)

The shift factor used here was of the following form:

a Tð Þ ¼ fr
f

(7)

where:

max¼ the maximum |E�| for a particular mix,

fr¼ the reduced frequency at reference temperature,

f¼ the frequency at a particular temperature,

gt ¼ r¼ the viscosity of binder at reference temperature,

A¼ the regression intercept of viscosity-temperature curve,

VTS¼ the regression slope of viscosity-temperature

susceptibility,

a Tð Þ¼ the shift factor as a function of temperature and

age, and

d, b, c, c¼ fitting parameters.

The A and VTS parameters for PG 64-22 OK (10.98,

�3.680), and PG 76-28 OK (9.2, �3.024) were taken from the

MEPDG guide [25]. The constructed master curves for base,

second, and third layers mixes are shown in Fig. 4 and Fig. 5,

respectively. It can be seen from Figs. 4 and 5 that dynamic

modulus decreases as air voids increases. Developed master

curves were then used to estimate dynamic modulus of each

layers at given air voids, temperature, and frequency.

The “goodness-of-fit” statistic, Se/Sy (standard error of the

estimated/standard deviation), and correlation coefficient (R2)

were used to assess the validity of the correlation between labo-

ratory measured modulus and master curve fit equation [26].

Based on these criteria, the developed master curve equations in

this study were found to be in excellent correlation with

laboratory measured data. The coefficients and the fitting statis-

tics of the master curves are summarized in Table 4.

Results and Discussion

ESTIMATING DYNAMIC MODULUS OF EACH PAVEMENT

LAYER

A validation section, approximately 150m in length, was selected

and seven test locations, approximately 20m apart, were marked

in the middle of the lane for verification analysis. The IACA was

used to estimate the modulus of each of the layers during the

construction. The IACA records the global positioning system

(GPS) coordinates of the roller in real time and the modulus esti-

mated at this location during each roller pass.

The IACA was used to collect the GPS data and the modu-

lus readings during the compaction of the all three layers (base,

second, and third layers). First, the test points were marked on

base layer, and the IACA data was collected. The GPS location

of these points was recorded to locate these test locations on

each pavement layer. Similar points were marked on second

and third layers and the IACA data was collected during the

compaction of each of these layers. The IACA estimated values

of each layer and at every location are shown in Table 5.

The dynamic modulus was also estimated using the Witc-

zak predictive model for comparison purposes with IACA. The

estimated values using the Witczak equation for each layer and

at every location are presented in Table 6.

ESTIMATING EFFECTIVE MODULUS OF PAVEMENT

LAYERS

The Odemark method was used to transform a system consist-

ing of layers with different moduli into an equivalent system

where the thicknesses of the layers are altered but all layers have

the same modulus. The transformation assumes that the stiff-

ness of the layer remains the same, i.e., I� E/(1–l2) remains

FIG. 4 Master curves for base layer mixes (S3 64-22).

FIG. 5 Master curves for second and third layers mixes (S3 76-28).
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constant, where I¼moment of inertia, E¼ layer modulus, and

l¼Poisson’s ratio [27–30].

This approach is used in the present paper to calculate the

effective modulus of the three layers that constitute the pave-

ment on I-35. The IACA data collected during the compaction

of each of the pavement layers was first used to determine den-

sity at selected location. The estimated density (air voids) was

then used to determine dynamic modulus at each of the each

test locations. The effective modulus (Eeff) of three layers of

pavement was calculated using Eq 8. The effective moduli were

calculated at 21�C and 5-Hz frequency (Table 6). A similar

approach was used by several other researchers to find the effec-

tive modulus for layered system of pavement [31–33].

Eeff ¼
C2 C1h1

ffiffiffiffiffi
E13
p
þ h2

ffiffiffiffiffi
E23
p� �

þ h3
ffiffiffiffiffi
E33
p

h1 þ h2 þ h3

	 
3
(8)

where:

E1, E2, and E3¼ dynamic modulus of third (top layer),

second, and base layer,

h1, h2, and h3¼ the thickness of respective layers, and

C1 and C2¼ the correction factors to obtain better agree-

ment with exact theory of elasticity [29,34].

The value of correction factors depend on the layer thick-

nesses, modular ratios, Poisson ratios, and the number of layers

in pavement structure. In the present study, correction factors

were taken as C1¼ 1, whereas C2¼ 0.8.

Verification of Effective Modulus

A verification of the IACA measured modulus (effective modu-

lus using the Odemark method) was done by conducting FWD

testing on seven test locations that were marked before for

TABLE 4 Master curve parameters

Air Voids (%) max E* (MPa) d b c c R2 Se/Sy Fit

Base layer (mix-S3 64-22)

6 23084 1.81 �1.02 �0.43 1.20 0.99 0.07 Excellent

8 22256 1.54 �0.98 �0.39 1.20 0.99 0.05 Excellent

10 21232 1.23 �0.86 �0.37 1.04 0.99 0.06 Excellent

12 19942 1.72 �0.41 �0.40 1.05 0.99 0.08 Excellent

Second and third layer (mix-S3 76-28)

6 22826 2.10 �0.25 �0.45 1.24 0.99 0.04 Excellent

8 22027 1.99 �0.24 �0.42 1.18 0.99 0.05 Excellent

10 21157 1.98 �0.17 �0.42 1.12 0.99 0.04 Excellent

12 20182 1.71 �0.12 �0.37 1.13 0.99 0.05 Excellent

Shift factors log(aT)

Base layer (mix-S3 64-22) Second and third layer (mix-S3 76-28)

4�C 21�C 40�C 55�C 4�C 21�C 40�C 55�C

6 2.66 0.00 �2.23 �3.60 2.24 0.00 �1.96 �3.20
8 2.65 0.00 �2.22 �3.58 2.13 0.00 �1.86 �3.04
10 2.30 0.00 �1.93 �3.11 2.02 0.00 �1.77 �2.89
12 2.32 0.00 �1.95 �3.14 2.04 0.00 �1.78 �2.91

TABLE 5 IACA and FWD measured effective moduli for different layers.

Laboratory measured base and surface layer: 21�C at 5Hz

Measured Dynamic Modulus (MPa) IACA Effective FWD Effective Ratio Effective Modulus

Point
Base
Layer

Second
Layer

Third
Layer

Modulus
(MPa)

Modulus
(MPa) (FWD/IACA)

T1 5406 2190 3049 2365 3062 1.29

T2 5070 2659 3456 2502 2482 0.99

T3 4910 3227 3576 2637 2353 0.89

T4 5889 2751 3227 2667 2696 1.01

T5 4963 3155 3155 2554 2878 1.13

T6 4556 3227 3191 2482 2657 1.07

T7 3880 2345 3617 2161 2760 1.28
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estimating density using the IACA. In FWD test, a transient

load is dropped from a specified height on a 300mm diameter

circular plate with a thin rubber pad mounted underneath. The

load and deflection is measured using load cell and sensors set

on the ground. Seven sensors were placed at 0, 200, 300, 450,

600, 900, and 1500mm away from the center of the loading

plate. In the present study, the FWD test was conducted on a

third layer of pavement using a Dynatest FWD test system. A

numerical backcalculation software program, MODULUS 6.0,

was used to process the FWD raw data so as to determine the

modulus value [35]. The backcalculated modulus is often called

the effective modulus because the value represents the effect of

the layer within the whole pavement structure. The effective

modulus was calculated at 21�C to compare this modulus with

laboratory measured effective dynamic modulus. Because the

FWD loading induces a pulse of duration of 0.03 s [36], which

is equivalent to a test frequency of 5.3 Hz (1/0.03/2p), hence,

the comparisons in this paper are performed using modulus val-

ues calculated at 21�C and 5Hz frequency. Table 5 shows the

results of the FWD test as well as the IACA effective modulus.

Table 6 shows the results of the FWD test as well as the Witczak

effective modulus.

It is evident from Fig. 6 that the modulus estimated by the

proposed IACA method is in good agreement with the FWD

effective modulus measurements. The ratio of FWD to IACA

effective modulus is shown in Table 1. It can be seen that the

ratio between FWD to IACA effective modulus is close to 1,

indicating that the proposed approach is capable of measuring

effective modulus of a multi-layer pavement system. However,

the FWD effective modulus readings show about 30 % variation

in the measured modulus for locations with identical density.

Such reduction in the modulus values at certain locations might

be because of variation in the subgrade, thickness of each layer,

and inconsistency in the mix [37,38]. Therefore, the error

between the measured and estimated modulus is within the

range of the measurement accuracy of the FWD device. As

evident from Table 6 and Fig. 6, the Witczak model over-

predicts the dynamic modulus. Ratio between effective modulus

value calculated from FWD and Witczak falls within range of

0.72 to 1.02, indicating that the Witczak model over-predicted

the modulus approximately 40 %. Likewise, a comparison

of the Witczak model and IACA estimated modulus reveals that

the Witczak over-estimated the modulus close to 21 %. Overall,

results indicate that the proposed approach shows a better

agreement with the currently adopted FWD technique. How-

ever, future validation must be done to further validate this

approach by doing testing on different types of pavement (con-

sidering different thickness and mix type).

Concluding Remarks

An artificial neural network-based Intelligent Asphalt Compac-

tion Analyzer (IACA) to determine the effective stiffness of a

pavement layer during construction was demonstrated in this

paper. The following conclusions can be drawn based on the

results and discussion presented in the paper.

FIG. 6 Comparison of IACA, Witczak, and FWD effective modulus.

TABLE 6 Witczak and FWD effective moduli for different layers.

Witczak predicted base and surface layer: 21Hz at 5Hz

Predicted Dynamic Modulus (MPa) Witczak Effective FWD Effective Ratio Effective Modulus

Points
Base
Layer

Second
Layer

Third
Layer

Modulus
(MPa)

Modulus
(MPa) FWD/Witczak

T1 4669 3954 4997 2991 3062 1.02

T2 4478 4560 5388 3139 2482 0.79

T3 4381 5177 5492 3263 2353 0.72

T4 4915 4669 5177 3255 2696 0.83

T5 4413 5105 5105 3196 2878 0.90

T6 4154 5177 5141 3140 2657 0.85

T7 3673 4164 5526 2832 2760 0.97
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• Laboratory measured dynamic modulus values for differ-
ent levels of air voids indicate that compaction has a sig-
nificant effect on the quality (stiffness) of a pavement.

• The master curves can be used to estimate dynamic mod-
ulus values for a wide range of temperature and frequency
encountered during and after construction of a
pavement.

• IACA estimated real-time density can be converted into
the stiffness using master curves, and IACA can provide
the stiffness values over the entire pavement in a non-
destructive manner. The proposed approach was vali-
dated using FWD.

• Comparison of IACA effective modulus with FWD effec-
tive modulus indicates that the proposed technique can
estimate the effective modulus of the pavement layers in
real time during the construction process.

• Comparison of Witczak model effective modulus with
FWD effective modulus shows that the Witczak model
over-predicted the stiffness, therefore, may not be used as
confidently as compared to the proposed IACA method.

Overall, the proposed method is non-destructive in nature

and will help prevent under-/over-compaction of the asphalt

pavement and achieve uniform compaction of the pavement.

Research is currently underway to validate the performance of

the IACA during the compaction of warm mix asphalt pave-

ments and during the compaction of stabilized soil subgrades. It

is recommended that a future study be conducted considering

the latest predictive models and approaches to compare estima-

tion of effective modulus and to evaluate visco-elastic behavior

of a pavement system.
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ABSTRACT

One of the basic material characteristics of solids is Poisson’s ratio. Its exact knowledge,

including its dependence on time, allows us to model the effect of load, with given boundary

conditions, on the behavior of material under consideration. Poisson’s ratio, or rather the

relationship between the longitudinal and transverse strain, has an important implication in

engineering mechanical applications (assessment of pavement structure performance).

Nowadays, Poisson’s ratio is usually used as a constant, based on an incorrect assumption

that a hot asphalt mix is a linear elastic material. This paper reports Poisson’s ratio as a

function of time determined from the relaxation and small amplitude oscillation tests on

cylindrical specimens. A hot asphalt mix is considered homogeneous isotropic material and

linear theory of viscoelasticity is applied for the experimental determination of the lateral

contraction ratio.

Keywords

asphalt mixture, Poisson’s ratio, relaxation, small amplitude oscillation

Introduction

The amount of testing methods based on empirically established assumptions used in the HMA

design and the pavement performance assessment is enormous. The reason for the use of these

test methods is likely in part the complexity of the hot mix asphalt (HMA) structure and its prop-

erties and it is also caused by the history of the development of measurement techniques and test

equipment.

Poisson’s ratio, or rather the relationship between the longitudinal and transverse deformation

is an important characteristic that enters into the pavement design process in two phases. Firstly,
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it enters into the design process in the course of laboratory

determination of material characteristics. An HMA is a three

component system consisting of stone aggregates, pores filled

by air, and asphalt binder. Nowadays, the system is character-

ized as elastic in pavement design practice. The elastic charac-

terization is based on the stiffness measurement of asphalt

mixtures in accordance with CSN EN 12697-26 [1], in Czech

Republic.

The conventionally used test method from CSN EN 12697-

26 [1] is the indirect tension test on cylindrical specimens

(IT–CY). The determination of stiffness modulus by IT–CY is

based on the application of the stress pulse in a vertical plane

and the measurement of the strain response in a horizontal

plane. The stress has a haversine shape and its target rise time is

150ms, so the length of the stress pulse is 300ms. This test

method does not reflect the phase shift between the stress and

the strain response and also the recovery of a specimen.

The resilient modulus testing procedure is currently used to

determine the Poisson’s ratio of asphalt mixtures [2]. Some of

the topics for criticism, related to the measurement of Poisson’s

ratio measurement with the resilient modulus test, are the biax-

ial stress pattern, the impossibility of performing the test in the

controlled strain mode, and the accumulation of permanent

deformation during the test [3–5]. Such a methodology is capa-

ble of meausring the Poisson’s ratio as a constant at the chang-

ing boundary conditions (temperature, loading stress, loading

time). The procedures to calculate Poisson’s ratio from the

known asphalt mixture tensile modulus at specific temperature

can be found in Ref. [6]. The review of Poisson’s ratio determi-

nation with the change of temperature is summarized in the fol-

lowing paragraph.

The presented approach utilizes uniaxial relaxation and a

small amplitude oscillation test to measure the so-called lateral

contraction ratio as a function of time and frequency rather

than Poisson’s ratio as a material constant. The loading is uni-

axial and the resulting tensile stress is constant over the speci-

men cross section. The testing methodology allows to test the

cylindrical and prismatic specimens.

Furthermore, Poisson’s ratio enters into the calculation of

the pavement stress and strain conditions by multi-layer sys-

tems implemented in currently used software [7,8]. The assess-

ment of such a pavement system principally overestimates the

HMA performance in the case of a low velocity traffic speed

and underestimates the HMA performance in the case of high

velocity traffic. In addition, it does not reflect the permanent

deformation effects of HMA. Researchers attempt to capture

the majority of these effects in pavement designs with the inclu-

sion of calibrated coefficients [9–11].

The critical role is generally played by the choice of Pois-

son’s ratio in the numerical modeling of asphalt mixtures.

Oftentimes, a Poisson’s ratio of 0.5 is used to simplify the issue

of the relationship between shear and normal deformations.

This error is then introduced into the calculation inaccuracies

resulting from the unavailability of the measuring device or

indirect methods to calculate Poisson’s ratio from already iden-

tified characteristics.

The Poisson’s ratio can be calculated from two other linear

viscoelastic properties of the material like moduli, in theory,

e.g., tensile moduli, shear moduli, and bulk moduli. Each of the

properties must be determined by a separate test and the techni-

ques used to determine the moduli of hot mix asphalts have sev-

eral inaccuracies from an ideal highly accurate test method. If

we consider the most used property of the HMA mechanical

properties, in CEN countries, it is tensile modulus (stretch mod-

ulus). Several methodologies to determine the tensile moduli

are known (4PBB–PR, 2PBB–PR, 2PBB–TR, 3PBB–PR, IT–CY,

DT–CY). Although the determined moduli have positive corre-

lations, they do not overlap. Poisson’s ratio determination by

calculation from any other two viscoelastic functions appears to

be even more exacting. More information can be found in

Ref. [12].

Review of Currently Used Values

of Poisson’s Ratio

Based on a literature review that was conducted in order to find

the specific value of Poisson’s ratio, the asphalt mixture Pois-

son’s ratio cannot be firmly defined from the temperature and

loading time. The sources presented below provide a range

from which Poisson’s ratio can be found. The broad range of

experimental values is a logical consequence of the number of

factors that can influence the value of Poisson’s ratio. Table 1

shows the approximate ranges of Poisson’s ratio for asphalt

concrete in relation to temperature.

Other values of Poisson’s ratio, which can be found in the

literature, are reported particularly in relation to the IT–CY test,

which is among the most popular tests in the countries of the

CEN for the determination of the modulus of a compacted

asphalt mixture. Most sources indicate that the value 0.35 for

Poisson’s ratio is acceptable for calculating the stiffness at test

temperature of 77�F (25�C). This value is also specified in the

EN 12697-26 [1] specification where it is also noted that this

value, in the case of unknown Poisson’s ratio and its depend-

ency on temperature, can be used for all temperatures.

Another distinct value of Poisson’s ratio used for the indi-

rect tensile test can be obtained by using the following equation,

which was derived by Witczak and Mirza [13]:

� ¼ 0:15þ 0:35
1þ exp½3:1849� 0:04233 � Temp �Fð Þ�(1)

The values of Poisson’s ratio from targeted specification for

roads in former Czechoslovakia “Katalog tuhých a netuhých
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vozoviek pozemných komunikáciı́, Typizačná smernica” [14]

are also listed in Table 1.

Laboratory Measurements

Asphalt mixture is a multiphase system with many components,

some of which have complicated internal structures with high-

temperature susceptibility (conventional or polymer modified

asphalt binder) [17]. Notwithstanding its complicated structure,

the thermo-mechanical behavior of asphalt paving mix can be

modeled with the help of the theory of viscoelasticity [18]. The

testing device is periodically calibrated within the laboratories

accreditation system. The suitability of selected testing proce-

dures was checked with specimens made from two elastic mate-

rials with the known Poisson’s ratio. To check the suitability of

the test method, the homogenous elastic material with both

higher and lower tensile modulus than the studied asphalt mix-

tures was selected. In Fig. 1, one can see examples of “dummy”

samples made from polyethylene-measured tensile modulus

63.1MPa, polycaprolactam-measured tensile modulus 1.32GPa,

and asphalt mixture sample–measured tensile modulus ranging

from 7GPa to 380MPa with the loading time at 15�C.

Three asphalt mixtures were used to conduct the measure-

ments. All mixtures were designed in accordance with a specifi-

cation [19]. Conventionally used unmodified asphalt binder

designated as 50/70 (Pen grade) in accordance with Ref. [20]

was used in all asphalt mixtures. The used aggregate was of spi-

lite type and limestone mineral filler was added into the mix-

tures. The asphalt mixture’s grading curves are given in the

Fig. 2.

The first asphalt mixture, labeled ACO 11þ, belongs to sur-

face courses by its application. The binder content was 5.2 % by

weight and the air void content was 4 %.

The second and third asphalt mixtures were designed for

the application in base course. Their designation is ACL16þ
and ACL 22þ. All bituminous mixtures had different sizes of

the nominal maximum aggregate, as indicated by the number in

the designation after three letters.

The ACL 16þ mixture had 4.7 % of the binder content and

the air void content of 4.25 %, while the ACL 22þ mixture had

4.8 % of the binder content and the air void content of 3.6 %.

A universal testing machine with a hydraulic power unit

was used for the measurements. The averaged vertical and hori-

zontal deformations were always obtained with pairs of LVDTs,

the result were then calculated as the average.

The ratio of uniaxial extension, caused by applying the step

strain (step function), to the transverse deformation in the time

domain is hereafter called the lateral contraction ratio.

UNIAXIAL RELAXATION

Relaxation of uniaxial extension caused by strain loading

defined as a step function of time was selected as the simplest

test method to determine the time-dependent lateral

TABLE 1 Poisson’s ratios from literature review.

[15] [14] [16] [13] [6]

Temperature
(�C)

Poisson’s
Ratio

Temperature
(�C)

Poisson’s
Ratio

Temperature
(�C)

Poisson’s
Ratio

Temperature
(�C)

Poisson’s
Ratio

Temperature
(�C)

Poisson’s
Ratio

4 0.18� 0.35 0 0.21 10 0.25 4 0.21 <�18 <0.15

13 0.28� 0.43 11 0.33 20 0.35 13 0.25 �18� 4 0.15� 0.20

21 0.32� 0.44 27 0.44 30 0.45 21 0.31 4� 21 0.20� 0.30

38 0.40� 0.50 38 0.41 21� 38 0.30� 0.40

60 0.40� 0.50 60 0.48 38� 54 0.40� 0.48

>54 0.45� 0.48

FIG. 1 Specimens made from polyethylene, polycaprolactam, and asphalt

mixture (from left to right).

FIG. 2 Asphalt mixtures grading curves.
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contraction ratio. The test specimen was loaded by the strain e0
and its transverse deformation was measured.

The lateral contraction ratio, l, was then computed from

the equation [21]:

� �e2 sð Þ ¼ �l sð Þe0(2)

where �e2 sð Þ, �l sð Þ are Laplace transforms of transverse strain, or

lateral contraction, respectively, and e0is uniaxial strain. Then,

by applying the inverse Laplace transform (L�1), we obtain [21]:

l tð Þ ¼ L�1
�e2 sð Þ

e0

� �
(3)

where e0 is the applied strain.

If we consider e0 as a unit step function and

L�1 �e2 sð Þ½ � ¼ e2 tð Þ, then the isotropic time dependent lateral

contraction l tð Þ can be computed from the equation [21]:

l tð Þ ¼ �e2 tð Þ
e0

(4)

LABORATORY MEASURED DATA

From each asphalt mixture, 20 specimens were prepared and

tested at four temperatures (30, 45, 50, 60�C). Thus, each pre-

sented lateral contraction ratio at a given temperature is the

average from five tested samples. The measured data in a time

window from 4 to 40 s are presented in Figs. 3 and 4. The first

4 s of the measured lateral contraction ratio are not presented as

this time was needed to increase the loading stress to the

required value of strain. From the records of strain and stress

conditions, it was obvious that during this time period, the

measured vertical strain response does not match the assump-

tion that vertical strain is a monotonic function of time. After

40 s, it was found that the lateral contraction ratio had reached

its steady state.

The measured lateral contraction ratio is in the range of

0.15 to 0.45, which is in the range of the values measured by

previous authors. The lateral contraction ratio is presented as a

function of time (in order to capture the effect of relaxation)

and temperature. If we focus on the effect of the maximum

nominal aggregate size, it seems that asphalt mixtures with a

higher nominal aggregate size have smaller values of the lateral

contraction ratio. Asphalt mixtures with smaller nominal aggre-

gate size seem to show initial lateral contraction ratios in the

majority of tested specimens by 0.07 smaller than the steady

state value. However, this effect should be further examined to

find out to what extent this effect is due to the nominal maxi-

mum aggregate size and the extent to which the overall aggre-

gate composition in mixtures can influence this phenomenon.

The lateral contraction ratio’s dependency on time seems to

have a similar effect at each temperature in the tested range.

The lateral contraction ratio tends to reach a plateau 11 s after

the achievement of the constant strain excitation at all

temperatures.

From Fig. 5, it is evident that the lateral contraction ratio’s

depend on temperature. To express this variability with the

inclusion of the time effect, three different time periods were

used. First, as the “initial” lateral contraction ratio, the value at

4 s is plotted, followed by the value of the lateral contraction

ratio at 11 s where the lateral contraction ratio seems to reach

the plateau and then at 40 s where the steady state value was

reached. From the correlation coefficients higher than 0.95 for

all the values of lateral contraction ratios, it can be concluded

that the temperature dependence in the range from 30 to 60�C

FIG. 3 Lateral contraction ratio as function of time (left ACO 11þ, right ACL

16þ).

FIG. 4 ACL 22þ lateral contraction ratio as function of time (left); average

lateral contraction ratio of studied asphalt mixtures as function of

time (right).

FIG. 5 Average lateral contraction ratio of studied asphalt mixtures as a

function of temperature (30�C–60�C).
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can be approximated as a linear one. This effect was also

observed by others [22] for asphalt binder.

The statistical variance of the lateral contraction ratio as a

function of time was studied at specific loading times. The var-

iance of measured results is presented in the Fig. 6. The variance

of each lateral contraction ratio measurements at selected tem-

perature was up to 2.73e-3. The variance increased with the

increase of temperature as can be seen from the trend of linear

regression of each temperature average variance with correla-

tion coefficient equal to 0.8014.

SMALL AMPLITUDE TENSILE OSCILLATIONS

The sinusoidal contraction strain (in compression) was applied

to the specimens with the amplitudee0. To follow up the specifi-

cation for the measurement of tensile dynamic modulus meas-

urements [1,23] and to stay in the linear-viscoelastic domain

[24,25], the amplitude of the applied strain was set at 100 micro

strains.

Simultaneously, lateral and transverse strains were meas-

ured until the steady-state was reached. The tests were done at a

temperature range from 0 to 45�C. The recorded data were then

fitted with the harmonic functions (Eqs 5, 6, and 7). The fitting

was done using the two solvers aiming at the regression coeffi-

cient equal to 1 and minimum total least squares simultaneously.

r tð Þ ¼ r0 � sin xt þ drð Þ þ A(5)

e1ðtÞ ¼ e10 � sin xt þ 2
p
þ de1

� �
þ B(6)

e2 tð Þ ¼ e20 � sin xt þ 2
p
þ de2

� �
þ C(7)

where:

r0¼ the amplitude of stress,

e10¼ the amplitude of vertical strain (in the compression

direction),

e20¼ the amplitude of horizontal strain (in the lateral

direction),

x¼ the frequency, and

dyi¼ phase angles.

Then, the dynamic modulus phase h can be computed from

the shift between the peaks of the vertical strain equation as:

h ¼ dr � de1(8)

The shift between the peaks of the applied strain and the

transverse strain response can be determined from the meas-

ured data. This shift represents the lateral contraction phase (or

loss) angle. Thus, the lateral contraction phase angle is:

dl ¼ de2 � de1(9)

Successively, the complex lateral contraction ratio was com-

puted from the measured results as [12,21]:

l� xð Þ ¼ �e2 xð Þ
e10

(10)

Then, the real and imaginary parts are obtained as [12]:

l0 xð Þ ¼ l� xð Þ cos dlðxÞ(11)

l00 xð Þ ¼ l� xð Þ sin dlðxÞ(12)

where:

dl¼ the lateral contraction phase angle,

l0 xð Þ¼ the real part of the complex lateral contraction

ratio, and

l
00

xð Þ¼ the imaginary part of the complex lateral contrac-

tion ratio.

The data of the measured, frequency-dependent, compo-

nents of lateral contraction and its phase angle taken at several

temperatures were plotted into one chart and with the help of

the time–temperature–superposition principle (TTS) shifted

into one master curve.

The Williams–Landell–Ferry (WLF) [25] equation was

used to fit the shift factors of each HMA.

LABORATORY MEASURED DATA

All three studied asphalt mixtures tend to have the same value

of the complex lateral contraction ratio and the phase angle;

thus they are presented in one figure (Fig. 7). Each value pre-

sented in Fig. 7 was taken as the average value from three last

FIG. 6 Variance of asphalt mixtures lateral contraction ratio at different

temperatures and specific loading times. FIG. 7 Real and imaginary part of lateral contraction ratio.
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cycles of the frequency stage and three specimens. For every

regression of the measured horizontal and vertical strain, the

regression coefficient was computed using Eqs 6 and 7. The

regression coefficient was then used as the weight, and the final

presented data point is the weighted average from these nine

values.

The WLF coefficients for each asphalt mixture were:

C1¼ 100, C2¼ 1919 for ACO 11þ, C1¼ 5, C2¼ 125 for ACO

16þ, C1¼ 100, C2¼ 2948 for ACO 22þ. The TTS shift factors

were computed using the IRIS RheoHub software [26,27].

The complex lateral contraction ratio decreases with the

frequency and increases with the measured temperature. The

decrease is largely caused by the decrease of the real part of

the lateral contraction ratio, which can be seen from Fig. 7 and

the difference between the real part and the imaginary part

of the lateral contraction ratio. The lateral contraction phase angle,

and the components of the complex lateral contraction ratio

decreases with the frequency and increases with temperature.

Conclusions

The contribution presents data of the measured lateral contrac-

tion ratio by the application of the small amplitude oscillation

test method and the relaxation test. The findings by other

authors discussing the lateral contraction ratio’s dependency on

temperature were proven. Over and above, the article provides

exact data of the measured asphalt mixture lateral contraction

ratio as a function of time and the frequency.

Both test methods show the time and temperature depend-

ence of the lateral contraction ratio. The relaxation test provides

data for a longer time period than the small amplitude oscilla-

tion, but due to mechanical constrains, it is not capable of excit-

ing the vertical strain as the step function of time; thus it does

not provide the values of the lateral contraction ratio at the

beginning of the stage. With the small amplitude oscillation at

high frequencies or low temperatures and the application of

TTS, the values of the lateral contraction ratio at a smaller time

period can be captured. Thus, the lack of one test can be over-

lapped by another test method as was shown in Ref. [17]; the

connection between the two presented test methods will be part

of our future study.

It should be mentioned that the difficulties related to the

measurement of the lateral contraction ratio by the application

of tensile compression were significant. Special effort should be

taken to prepare a sample with a “perfect” parallel base and per-

pendicular sides. This paper presents results from 69 specimens.

The variation of the lateral contraction ratio is compressed

between the values of about 0.1 and less than 0.5. Some of the

specimens showed the measured lateral contraction ratio out of

these boundaries. The specimens excluded from further analysis

had measured values between 2 and 8; such extreme, unrealistic

values obviously determined the test error. None of the

statistical detection methods were used to find outliers. Our per-

sonal opinion is that the error results from bending of the sam-

ple caused by axial loading on non-parallel bases. As part of the

study was also taken to attempt to measure the lateral contrac-

tion ratio from constant rate of strain and creep test. These test

methods have proved to be impractical due to the limit of accu-

racy between programed stress or strain function and measured

excitation.

The lateral contraction ratio can also be expressed from

two other response functions. The test methods used for meas-

uring E(t) or complex E(x) and G(t) or complex G(x), respec-

tively, are known [12]. These response functions must be

measured separately; thus, this procedure can bring errors in

the calculation arising from the differences between the test

samples and the test methods.
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ABSTRACT

Highly flowable, strain-hardening fiber-reinforced concrete (HF-SHFRC) has good

workability in the fresh state, and it exhibits the strain-hardening and multiple-cracking

characteristics of high-performance, fiber-reinforced cementitious composites in the

hardened state. HF-SHFRC can be easily manufactured and delivered by ready-mix trucks

for cast-on-the-job sites. Structural large-scale test results from several research programs

also showed that HF-SHFRC is effective in increasing shear strength, displacement capacity,

and damage tolerance in members subjected to large inelastic deformations. The results of

two tests, a long prismatic tensile test with continuous reinforcement and an in-plane pure

shear panel test, are summarized in this paper. Relative to conventional concrete, HF-SHFRC

not only demonstrates much better mechanical performance, but also presents reduced

crack potential and excellent crack width control. These characteristics of HF-SHFRC can

further diminish the need for repairs, rehabilitation, and maintenance after extreme loading

events and give infrastructure a longer service life, which will eventually lower the life-cycle

cost.

Keywords

SCC, FRC, HPFRCC, strain hardening, sustainability, crack opening

Introduction

Highly flowable strain-hardening fiber-reinforced concrete (HF-SHFRC) combines the self-

compacting property of self-consolidating concrete (SCC) in its fresh state with the strain-

hardening and multiple-cracking characteristics of high-performance fiber-reinforced cement
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composites (HPFRCCs) in their hardened state. SCC has high

flowability and moderate viscosity, and there is no blocking by

the reinforcement during flow. With proper use of a superplas-

ticizer (SP) and viscosity-modifying agents (VMAs), SCC can

achieve higher flowability and higher slump without segrega-

tion. SCC also maintains better slump retention, which makes

the concrete more durable as a result of its lower water-to-

binder ratio, thereby reducing sulfate attack and salt penetra-

tion. In addition to containing the fresh-state characteristics of

SCC, HF-SHFRC also has the same excellent mechanical prop-

erties as HPFRCC. HPFRCC shows a tensile strain-hardening

response that can lead to multiple cracks, unlike the tensile

strain-softening response of conventional fiber-reinforced con-

crete (FRC), as shown in Fig. 1 [1].

Several HF-SHFRC compositions have been developed for

different compressive strength demands (30, 40, 50, and

60MPa) through modification of SCC mixtures as recom-

mended in previous studies and use of available local materials,

including 30-mm-long high-strength steel-hooked fibers in vol-

ume fractions of 1.5 % [2]. It is also worth mentioning that a

substantial amount of the cement was replaced with fly ash in

the mix design, which must be factored in when considering

cost, durability, and sustainability.

Two tests—the long prismatic tensile test with continuous

reinforcement and the in-plane pure shear panel test—were also

carried out to verify the resistance to crack openings in HF-

SHFRC. The results showed that relative to conventional

concrete, HF-SHFRC not only had much better mechanical

performance, but also exhibited lower crack potential and

excellent crack width control.

Concrete and Sustainability

Concrete is an environmentally sound building material; how-

ever, it is not deemed green because of its high consumption of

natural resources, high life cycle cost caused by related repair

and maintenance, and fairly large carbon footprint caused by

the energy used to produce cement, which is the main compo-

nent of concrete. Cement production is a highly energy-

intensive production process, and the energy consumption of

cement is almost 5 % of the total global industrial energy con-

sumption, according to the World Energy Council [3]. The

World Business Council for Sustainable Development also

approximates that the manufacture of cement produces about

0.9 lb of carbon dioxide (CO2) for every pound of cement and

manufacturing a cubic yard of concrete (about 3900 lb) and is

FIG. 1

Stress-strain responses of conventional FRC

and HPFRCC.
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responsible for emitting about 400 lb of CO2 [3]. Further CO2

emission occurs during construction, repair, and maintenance

of concrete infrastructure, as well as energy consumption. The

use of HF-SHFRC will lead to less repair and a longer life for

concrete structures, thereby reducing the carbon footprint and

lessening the impact on the world’s energy crisis.

Durability issues have long been the main cause of unsus-

tainability in concrete structures in view of life-cycle costs. The

durability of concrete is defined as the ability of concrete to

resist weathering action, chemical attack, and abrasion while

maintaining its desired mechanical properties. Because of the

higher water/cement ratio in conventional concrete, as voids

interconnect with propagating cracks under environmental

actions and loadings, gradual losses of watertightness can trig-

ger or worsen durability problems, including sulfate attack,

alkali–silica reaction, and corrosion of steel reinforcements.

Therefore, concrete deterioration leads to an increase in repair

and replacement costs, as well as the consumption of more nat-

ural resources.

In recent years, considerable efforts have been made to

enhance the sustainability of concrete by using recycled materi-

als or sustainable construction materials such as fly ash, slag,

and silica fume to replace cement and to upgrade the mechani-

cal properties of concrete to prevent deterioration. HF-SHFRC

improves sustainability without compromising performance.

Mix Design Concept

It is generally agreed that adding fibers can expand the applica-

tions of SCC; however, a reduction in workability due to fiber

addition may become a barrier to its application in practice.

Through modification of SCC mixtures recommended in previ-

ous studies and the use of locally available materials, HF-

SHFRC mixtures for different strength demands can be easily

manufactured and delivered by ready-mix trucks for cast-in-

place applications.

Although adding fibers can significantly enhance the me-

chanical properties—particularly the tensile behavior—of SCC,

a reduction in workability due to fiber addition may become a

handicap in practice. Thus, the mix design of SCC must be fur-

ther adjusted if fibers are added. Numerous commercial labora-

tories have been involved in the development of SCC with fibers

and are continuously improving their performance. Following is

a summary of key findings based on their studies [4,5]:

(1) The coarse-to-fine aggregate ratio in the mix needs to be
reduced so that individual coarse aggregate particles are
fully surrounded by a layer of mortar. Furthermore, it

was recommended by Johnston [6] that the volume of
coarse aggregates be reduced by at least 10 % relative to
plain concrete to facilitate pumping.

(2) Before the addition of fibers, the slump flow of SCC
must be relatively high. The slump flow criterion of
qualified SCC is 600mm for a 300-mm-high cone.

(3) Everything else being equal, the addition of fibers
reduces the slump flow of SCC; a higher fiber volume
and higher aspect ratio of fibers reduces the slump flow
of SCC as well, leading to a greater possibility of block-
ing and segregation.

Experimental Program

MATERIALS ANDMIX PROPORTIONS

The cementitious materials used in this study were ASTM Type

I Portland cement and class C fly ash. The coarse aggregate

had a maximum size of 12.7mm and consisted of solid

crushed limestone from a local source with a density of about

2.70 g/cm3. The fine aggregate was #16 flint silica sand.

Polycarboxylate-based SP was used to achieve the desired work-

ability. In addition to the SP, a VMA was also used to enhance

the viscosity and avoid fiber segregation. This mixture had a

1.5 % volume fraction of hooked steel fiber with a circular

cross-section used with a tensile strength of 2300MPa and an

aspect ratio of 79 (diameter¼ 0.38mm and length¼ 30mm).

The average 28-day compressive strength of concrete based on

100mm by 200mm cylinders was approximately 40MPa.

Details of the matrix composition are given in Table 1.

DIRECT TENSILE TEST

A direct tensile test was needed to ascertain whether the devel-

oped HF-SHFRC could give a strain-hardening response in ten-

sion after first cracking. Dog-bone-shaped tensile specimens

were prepared and tested for the HF-SHFRC mixture. The spec-

imen had a cross-sectional dimension of 25.4mm by 50.8mm

as shown in Fig. 2.

The applied load was monitored by the load cell of the test-

ing machine, and the elongation was recorded by a pair of linear

variable differential transformers (LVDTs) attached to the spec-

imen (Fig. 3) with a gauge length of about 178mm. It is noted

that compared to the fiber length, the relatively smaller cross-

section led to a somewhat two-dimensional distribution of

fibers.

LONG PRISMATIC REINFORCED TENSILE TEST

It has been established that the presence of continuous rein-

forcement helps concrete carry tension between cracks through

TABLE 1 Relative composition of HF-SHFRC mixture by weight.

Cement Fly Ash Sand Coarse Aggregate SP Water VMA Steel Fiber

1.00 0.88 2.20 1.2 0.005 0.8 0.038 0.32
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the transfer of bond forces. This in turn results in better control

of member stiffness, deformation, and crack widths in rein-

forced concrete (RC) members than in plain concrete members.

In this study, an unstressed prestressing steel strand was placed

at the center of the specimen to simulate the presence of rein-

forcing steel in HF-SHFRC. The advantage of using a prestress-

ing steel tendon is that a strain as high as 0.9 % can be applied

while the tendon remains linear elastic; this allows a stable envi-

ronment for loading–unloading and for measurements of crack

width and spacing at every loading step. Moreover, tests con-

ducted by Chao et al. [5] have shown that HPFRCCs lead to a

much higher bond strength between a seven-wire strand and

surrounding matrix than plain concrete (as much as three times

greater), thus ensuring the tension stiffening effect in test

specimens.

Details of the specimen geometry, test setup, and instru-

mentation are shown in Fig. 4. The long prismatic specimen

had cross-sectional dimensions of 64mm by 76mm. The speci-

men was placed in a prestressing bed and supported by a few

steel strips that allowed the specimen to move easily on its bed

support during tension. The strand going through the specimen

was attached at each end by a prestressing chuck. The tensile

load was applied monotonically to the strand through a hydrau-

lic jack and recorded by a pair of load cells at both ends of the

prestressing bed as shown in Fig. 4(a). Five zones in the middle

of the specimen were selected to record the strains in the con-

crete through the use of LVDTs, as shown in Fig. 4(b) (zones 1

through 5). The gauge length of each zone was 250mm. Elonga-

tion of the entire specimen was also monitored by two LVDTs

attached to the ends of the specimen. Strains in the strand

(inside the matrix) were measured by strain gauges attached at

predesignated locations corresponding to the middle points of

the five zones (zones 1 through 5) mentioned above. Strain

gauges were also mounted on the strand outside the matrix [Fig.

4(b)] in order to obtain the stress-strain curve of the bare

strand.

The stress in the fiber concrete for the long prismatic rein-

forced tensile test was calculated by

rc ¼
F � Eses
At � As

(1)

where:

rc¼ tensile stress in fiber concrete, MPa,

F¼ total force measured by load cell, kN,

Es¼ elastic modulus of strand, MPa,

es¼ strain in strand measured by strain gauge, mm/mm,

At¼ gross cross-sectional area of the specimen (4860

mm2), and

FIG. 2 Geometry and dimensions of direct tensile test specimen. FIG. 3 Direct tensile test setup.
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As¼nominal cross-sectional area of a 12.7-mm seven-wire

strand (100 mm2).

It was mentioned previously that a prestressing steel strand

remains linear elastic when the strain reaches as much as 0.9 %.

This was indeed the case in the strand used in this study, as

indicated by the stress-strain relation obtained based on strain

gauges mounted outside the matrix; the curve was linear with

an elastic modulus of 206GPa. Because the specimen was able

to move freely during testing with minor frictional force, the

force measured by the load cell (F) could be taken as constant

along the specimen and used for zones 1 through 5. The force

sustained by the fiber concrete was calculated as the difference

between F and force in the strand, Es � es. The average

tensile stress was then calculated by dividing the force difference

using the net concrete area At�As. The tensile strains in the

fiber concrete were obtained by dividing the elongation (meas-

ured through LVDTs) by the gauge length of each zone

(250mm).

IN-PLANE PURE SHEAR PANEL TEST

An 890mm by 890mm by 70mm concrete panel was fabricated

for the shear panel test. Figure 5 illustrates the geometry and

reinforcement layout of the panel. In order to provide adequate

post-cracking resistance of the panel, 40 D6 deformed wires

were provided for x-direction reinforcement, giving a total rein-

forcement area of 1543 mm2, which equated to a reinforcement

ratio of 2.47 %.

This in-plane pure shear panel test was conducted using

the Panel Tester Machine developed by Vecchio [7] at the Uni-

versity of Toronto. This machine and experimental setup were

designed to apply various in-plane loading conditions to a con-

crete panel. The in-plane shear forces were generated by the

horizontal and vertical jacks on each opposing side of the panel.

There are adjustable links on the frame to prevent out-of-plane

displacement and keep the panel aligned. Deformations

(strains) of the panel were obtained continuously from the

LVDTs and strain gauges throughout the duration of each test.

Figure 6 shows the arrangement of the LVDT setup. Additional

data were also obtained from Zurich gauge readings that were

taken at each load stage to verify the accuracy of the LVDTs.

These data were subsequently analyzed to investigate the

response characteristics of the concrete panels under in-plane

pure shear loading.

Test Results

DIRECT TENSILE TEST

The stress-strain curves were recorded from the dog-bone speci-

mens tested. Multiple cracks developed up to peak stress (post-

cracking strength), at which crack localization occurred. Typical

FIG. 4 (a) Geometry and dimensions of tensile test specimen. (b) Tensile

test setup.

FIG. 5 Dimensions and reinforcement layout of panel.
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stress-strain curves are shown in Fig. 7. It can be observed that

the tensile stress increased with an increase in strain after the

first crack. Thus these mixtures all satisfied the requirements for

the strain-hardening behavior of HPFRCC. Beyond the peak

stress, the tensile stress dropped gradually because of fiber kine-

matic pullout from the matrix. Some key results are summar-

ized in Table 2.

LONG PRISMATIC REINFORCED TENSILE TEST

A detailed discussion regarding the test results can be found in

Ref 5. Typical tensile load-elongation responses of the compos-

ite and bare strand in zone 3 are shown in Fig. 8.

The stress-strain response of the HF-SHFRC was also

obtained based on Eq 1 and is plotted in Fig. 9, along with an

envelope curve. The unloading loops were the result of soften-

ing caused by the hydraulic jack during crack measurement and

photographing.

Figure 9 shows that the HF-SHFRC used in this study

exhibited tensile strain-hardening behavior up to 0.7 % compos-

ite strain, along with extensive multiple cracking. The stress-

strain curve was generally very stable without any sudden deg-

radation in strength. This can be attributed to the presence of

the longitudinal reinforcement, which was able to redistribute

tensile stress through bonding when cracks occurred.

Figure 10 compares the tensile stress-strain responses of the

direct tensile test and long prismatic reinforced tensile test

specimens made of the same HF-SHFRC mixture. It is observed

that the peak tensile strength of the former was greater than

that of the long prismatic reinforced specimen. This can be

attributed to scale effects and to the possible two-dimensional

versus three-dimensional fiber orientations in the two speci-

mens, respectively. In addition, the onset of damage localization

as a result of fiber pullout at peak stress was significantly

delayed in the presence of continuous reinforcement. Indeed,

the tensile strain up to the peak strength in the long prismatic

reinforced specimen was more than two times that of the dog-

bone-shaped specimen. The smaller strain in the dog-bone-

shaped specimen possibly resulted from the fact that smaller

FIG. 6 LVDT setup for panel test.

FIG. 7 Typical tensile stress-strain curve of HF-SHFRC.

TABLE 2 Key results of HF-SHFRC direct tensile test.

Tensile Properties of HF-SHFRC

Average post-cracking strength, MPa 3.61

Average strain at peak stress, % 0.45

Stress at apparent strain¼ 0.5 % 3.54

Percentage of peak stress, MPa 98 %

Average number of cracks 6

Average crack spacing, mm 25.7

FIG. 8 Typical tensile load-elongation of reinforced HF-SHFRC prism.
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specimens are more sensitive to defects such as nonuniformly

distributed fibers and coarse aggregates. Furthermore, without

continuous reinforcement, crack extension is more likely to

become unstable during stressing.

IN-PLANE PURE SHEAR PANEL TEST

The shear stress–shear strain response of an HF-SHFRC panel

is plotted in Fig. 11. The behavior remained linear up to first

cracking at a shear stress of 1.5MPa. The panel failure occurred

at a maximum shear stress of 4.3MPa and a corresponding

shear strain of 6.20� 10�3. At the onset of panel failure, the

applied load gradually declined, and the major cracks opened

up slowly. The failure of the panel was dictated by an aggregate

interlock failure, as there was no indication of concrete crushing

or reinforcement rupture.

A comparison of principal tensile stress-strain behaviors of

HF-SHFRC and control panels is shown in Fig. 12. The test data

for the control panel were adopted from Susetyo’s previous

work [8]. It is noted that the control panel (f 0c¼ 50MPa),

which was made of conventional concrete, had higher reinforce-

ment ratios (x-direction: reinforcement area of 2061 mm2,

qx¼ 3.31 %; y-direction: reinforcement area of 260 mm2,

qy¼ 0.42 %) than the HF-SHFRC panel. The principal tensile

stress-strain relationships of HF-SHFRC and conventional con-

crete were converted from the shear stress-strain relation based

on Mohr’s circle method. Because of the higher compressive

strength of conventional concrete, the maximum principal ten-

sile stress of conventional concrete was higher than that of HF-

SHFRC, as expected. However, in contrast to the strain-

softening behavior of conventional concrete, HF-SHFRC exhib-

ited tensile strain hardening until failure occurred, at which

point the principal tensile strain reached 4.1� 10�3. This

proved that strain-hardening behavior can be achieved with the

addition of fibers and that fiber addition can significantly

improve the tension-carrying capacity of the concrete.

FIG. 9 Typical tensile stress-strain responses of HF-SHFRC in long prismatic

reinforced tensile test.

FIG. 10 Comparison between stress-strain responses of dog-bone and long

prismatic reinforced specimens made of HF-SHFRC mixture.

FIG. 11 Shear stress–shear strain response of HF-SHFRC panel.

FIG. 12 The principal tensile stress-strain relationships of HF-SHFRC and

conventional concrete.

Journal of Testing and Evaluation332

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



Crack Opening Evaluation

Adding fibers into concrete can enhance its performance in

many aspects. Cracking width control is also one of the most

important advantages of adding fibers. Fiber addition can con-

trol and minimize not only plastic shrinkage cracking but also

other volumetric expansions caused by alkali–silica reaction, as

well as cyclic loading and tensile forces [9]. The resistance to

crack opening of HF-SHFRC under tensile and shear forces is

discussed in the following sections.

LONG PRISMATIC REINFORCED TENSILE TEST

Figure 13 shows HF-SHFRC exhibiting multiple cracking at the

conclusion of testing. Compared to the crack localization of

conventional concrete, more extensive, well-distributed multiple

cracks can be observed in the HF-SHFRC specimen.

The test results also showed that no primary crack opening

localization occurred, and additional secondary cracks were still

able to develop with an average crack width of less than 50 lm

under concrete tensile strains of up to 0.7 %, as illustrated in

Fig. 14.

The tensile tests showed the behavior of HF-SHFRC con-

crete to be significantly improved. The comparison of HF-

SHFRC crack patterns and control panels at failure is shown in

Fig. 15. It was observed that the failure of the HF-SHFRC panel

was caused by the inability of the concrete to transmit the load

across the cracks (coarse aggregate interlock failure), instead of

the yielding or fracture of the transverse reinforcement in the

conventional concrete panel. The cracks in the HF-SHFRC

panel were significantly finer and well-distributed across the

face of the panel, with crack spacing smaller than that observed

in the control panel.

IN-PLANE PURE SHEAR PANEL TEST

An important property of HF-SHFRC is its ability to control

crack propagation through the addition of fibers. In conven-

tional RC, crack control is provided by the bonded steel rein-

forcement; without it, the concrete exhibits brittle behavior. In

HF-SHFRC, the intrinsic fibers act as crack controllers. Maxi-

mum crack opening widths at different shear stress levels of

HF-SHFRC and conventional concrete were also recorded as

seen in Fig. 16. It can be observed that even without the presence

of transverse reinforcement, HF-SHFRC exhibited smaller crack

opening widths at the same shear stress level, representing

about 40 % improvement over conventional concrete. This sig-

nifies the ability of fibers to control crack propagation.

Sustainability Potential of Highly

Flowable Strain-Hardening

Fiber-Reinforced Concrete

As mentioned earlier, HF-SHFRC can enhance sustainability

without compromising mechanical performance. This is mainly

due to its mix composition and the addition of fibers. It is note-

worthy that the water/binder material ratio of HF-SHFRC is rel-

atively low, thus providing good watertightness and durability.

Considerable amounts of fly ash and slag are also used in HF-

SHFRC as the main replacement for cement. Moreover, the

excellent workability and mechanical properties of HF-SHFRC

offer opportunities to reduce labor costs and simplify structural

member design to further eliminate steel reinforcement. All

these sustainable characteristics of HF-SHFRC are briefly sum-

marized in the following subsections.

LOWWATER/BINDER RATIO

Too much mixing water can be the main cause of concrete’s du-

rability problems. The permeability of concrete in the hardened

state is directly affected by the amount of water added to fresh

concrete. Water or environmental solvents can easily pass

through under the high permeability of concrete. Concrete

mixes with low water/binder ratios produce few interconnected

capillaries and therefore enhance the durability of concrete. A

water/binder material ratio of 0.45 or less is considered as an

essential requirement for highly durable concrete. With the use

of SP and VMAs, HF-SHFRC can still achieve self-

consolidating rheological properties with water/binder ratios of

0.30 to 0.42.

FIG. 13 Crack distributions in HF-SHFRC after long prismatic reinforced

tensile test.

FIG. 14 Average crack widths (zones 1 through 5) in HF-SHFRC versus

tensile strain.
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SUSTAINABLE CONSTRUCTION MATERIAL

Sustainable construction materials are industrial byproducts,

such as fly ash, blast furnace slag, silica fume, or other pozzola-

nic materials. The use of sustainable construction materials as

substitutes for considerable amounts of cement not only signifi-

cantly reduces energy consumption, carbon footprint, and emis-

sions of CO2 due to the cement manufacturing process, but also

improves the durability of concrete by leading to further reac-

tions with carbon hydroxide (Ca(OH)2). In compositions of

HF-SHFRC, it can be observed that there is 50 % replacement

of cement by fly ash in the HF-SHFRC mix design. Owen [10]

also found that the fine particle size and spherical shape of fly

ash allow it to act as a water reducer to help cement particles

disperse and reduce friction between particles. Therefore, the

water-reducing property of fly ash can further reduce the drying

shrinkage of concrete to improve volume stability. In addition,

a substantial substitution of cement by fly ash can significantly

lower the hydration heat during the early stage of production to

prevent thermal cracking. To sum up, a combination of reduc-

tion of water content, pozzolanic reaction, particle advantage,

and low heat of hydration ensures the durability of concrete.

ADDITION OF FIBER

Adding fibers into concrete can enhance its durability in many

aspects. Grubb et al. [11] found that the potential for corrosion

of steel reinforcing bars can be decreased by the formation of

passive confinement due to fibers. Cracking width control is

also one of the most important advantages of adding fibers.

Plastic shrinkage cracking, other volumetric expansions caused

by alkali–silica reaction, and cyclic loading or tensile forces can

also be effectively controlled and minimized [12].

EXCELLENT MECHANICAL PROPERTIES

Structural member sizes can be further reduced owing to the

greater strength of HF-SHFRC. Moreover, in terms of reinforce-

ment layouts, the excellent mechanical properties of HF-

SHFRC also offer the opportunity to significantly simplify the

design and construction of structural members while ensuring

adequate strength, ductility, and damage tolerance. Lequesne

et al. [13] proposed a simplified design using coupling beams

and found that HF-SHFRC can be relied on to provide sufficient

confinement of diagonal reinforcement even without heavy steel

confinement reinforcement. The significant field placement dif-

ficulties, labor, and costs can be efficiently eliminated. Li et al.

[14] applied engineered cementitious composites (ECCs), which

are considered as one type of HPFRCC, to link slabs of jointless

bridge decks to replace mechanical expansion joints and esti-

mated the life-cycle cost based on a 60-year lifetime. The esti-

mation showed that the ECC system provides a 15 % cost

advantage over the traditional system because of the ultra-high

ductility of ECC. The excellent mechanical properties provide

advantages in terms of life-cycle costs, including those due to

maintenance and rehabilitation of deteriorated structures.

Conclusions

(1) It is generally agreed that adding fibers can expand the
applications of SCC; however, a reduction in workability

FIG. 15

Crack pattern at failure stage of HF-SHFRC

and conventional concrete.

FIG. 16 Comparisons of maximum crack opening widths in HF-SHFRC and

conventional concrete.
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due to fiber addition may become a barrier for its appli-
cation in practice. By modifying SCC mixtures recom-
mended in previous studies and using locally available
materials, one can easily manufacture HF-SHFRC mix-
tures for different strength demands.

(2) In terms of the tensile behaviors of HF-SHFRC, the peak
tensile strength obtained from dog-bone-shaped speci-
mens was generally higher than that of long prismatic
reinforced specimens. The tensile strain at the onset of
damage localization in the long prismatic reinforced
specimens was about twice that observed in the dog-
bone-shaped specimens in which no reinforcement was
used. The presence of continuous reinforcement leads to
a significantly better crack development, as well as a sig-
nificant increase in energy absorption capacity.

(3) This paper also presents in-plane pure shear panel test
results for HF-SHFRC, including shear stress–shear strain
responses and principal tensile stress-strain behavior. No-
ticeable tensile strain hardening was observed in HF-
SHFRC. In terms of failure mode and crack patterns, HF-
SHFRC showed fine and well-distributed cracks with much
smaller crack spacing than observed in the conventional
concrete panel. HF-SHFRC exhibited smaller crack open-
ing widths at the same shear stress level, with an improve-
ment of about 40 % over conventional concrete. This
signified the ability of fibers to control crack propagation.

(4) HF-SHFRC permits the incorporation of substitute sus-
tainable construction materials and a high volume fraction
of steel fibers while allowing good workability, guarantee-
ing excellent mechanical performance and high damage
tolerance. All these advantages have served rather well rela-
tive to conventional concrete; thus, it is believed that HF-
SHFRC will achieve higher levels of performance, safety,
and economy, including with regard to life cycle costs.
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ABSTRACT

When the height of roller compacted concrete (RCC) specimen is less than 400 mm, the

specimen size and crack depth ratio will affect the double-K fracture parameters. In this

paper, two groups of RCC specimens with different specimen size and crack depth ratio

were investigated and the wedge splitting method was employed. Double-K fracture

parameters were calculated employing the double-K fracture theory of concrete. It is

indicated that when the crack depth ratio, a, increased from 0.4 to 0.6, the unstable fracture

toughness, Kun
IC , increases, while the initial fracture toughness, Kini

IC , decreases. The crack

depth ratio, a, has a continuous effect on Kini
IC , however the effect on Kun

IC decreases with the

increase of a. When the height of the specimen, h, is less than 300 mm, the effect of

specimen size on Kun
IC is significant, but it decreases when h is greater than 300 mm and less

than 500 mm.

Keywords

wedge splitting test, specimen size, crack depth ratios, double-K fracture parameters

Introduction

Unlike conventional concrete (CC), roller compacted concrete (RCC) is a drier mix, stiff enough

to be compacted with vibratory rollers. Typically, RCC is constructed without joints and needs

neither forms nor finishing, nor does it contain dowels or steel reinforcing. These characteristics

make RCC a simple, fast, and economical mix, and as such, more and more countries have begun

to use RCC as an effective pavement solution [1]. Due to its advantages as a comparatively low
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cost, durable paving material, RCC has been used widely in

urban street reconstruction, residential subdivision roads, and

some heavy traffic pavements. However, like CC, cracking is a

serious problem for RCC.

Traditional strength theory provides a criterion for judging

the failure of concrete. Shihata [2] conducted an experimental

program to study the effect of compaction on the strength of

RCC specimens. However, the traditional theory ignores the

effect of specimen size on load-carrying capacity. By analyzing

the stress and strain fields at the crack tip, fracture mechanisms

introduced the concept of fracture toughness to reflect the abil-

ity to resist crack propagation in concrete materials [3]. It is

used widely to analyze the failure of concrete structure because

it can be employed to estimate the response of structure more

accurately by reasonably explaining the size effect. Ramsamooj

[4] presented an approximate analytical model for the fatigue

crack propagation rate in concrete; the model considers fatigue

cracking at all stress levels up to the modulus of rupture.

Nguyen et al. [5] studied various fatigue criteria with indirect

tensile mode of loading. A new approach was proposed to iden-

tify the fatigue failure based on a crack-length criterion. In plas-

tic limit analysis or elasticity with strength limit, the nominal

strength of concrete is size independent; this phenomenon is

called the size effect. Bazant and Kazemi [6] proposed the size

effect model and studied the fracture and size effect in concrete

[7]. Several studies have been done on crack development and

fracture mechanisms of the RCC. Nallathambi and Karihaloo

[8] studied the effects of the specimen and crack sizes upon

fracture toughness of concrete. Pittman and McCullough [9]

carried out experiments to study the crack development of RCC

pavement. Based on toughness and fracture tests, Albuquerque

et al. [10] studied the fracture characterization of RCC and

determined the crack extension resistance curve of the concrete

mixtures. In order to avoid the non-ordered cracks, induced

cracks are adopted in the RCC. Based on the characteristics of

the induced cracks, Liu and Song [11] employed a fictitious

crack model and linear elastic fracture mechanics to study

equivalent strength of induced cracks. Results indicated that

equivalent strength could be used as the fracture criterion for

induced cracks. Zhang et al. [12] evaluated the fracture parame-

ters and the critical crack length of RCC and provided a calcula-

tion method for the initial fracture and development of induced

cracks.

Xu and Zhao [13] put forward the double-K (the initial

fracture toughness, Kini
IC , and the unstable fracture toughness,

Kun
IC ) fracture theory and gave a simple and practical crack frac-

ture criterion. The use of three point bending beam test and

wedge-splitting test (WST) to determine the double-K fracture

parameters of concrete is recommended by the Chinese norm

for fracture test of hydraulic concrete [14]. However, the speci-

men size and crack depth ratio will affect the double-K fracture

parameters. Moreover, minimal research has been done in this

area. In this paper, WST is employed to study the effect of spec-

imen size and crack depth ratio on double-K fracture

parameters.

Double-K Fracture Theory

of Concrete

Based on the stress intensity factor of concrete and the concept

of virtual cracks that reflect the softening properties of concrete,

the double-K fracture theory is a more complete theory used to

describe the fracture of concrete. The double-K criterion can

predict the different stages of crack propagation during the frac-

ture process in quasi-brittle materials. According to this crite-

rion, the two size independent parameters, Kini
IC and Kun

IC , can be

used to describe the fracture process of concrete [15].

Double-K fracture theory of concrete can be described as

follows: comparing with Kini
IC and Kun

IC , if the crack tip stress

intensity factor, K, is less than Kini
IC , the concrete structure has

no cracks. When K is greater than Kini
IC but less than Kun

IC , cracks

occur and begin to extend steadily. If K is greater than Kun
IC , the

cracks of the structure start to extend unsteadily.

For the concrete structures in any shape, K can be calcu-

lated by many numerical methods. In practical application,

K ¼ Kini
IC is the judgment criterion of the crack propagation in

main structure. Kini
IC < K < Kun

IC can be used as the security alert

of the unstable propagation of the main structure. K > Kun
IC is

the judgment criterion of the general structure.

Preparation of RCC Specimens

When the height of specimens is greater than 400mm, the

double-K fracture parameters are approximately constant [16].

So in this study, the sizes of the specimens were �400mm. The

specimens were prepared according to the Chinese Test Meth-

ods of Cement and Concrete for Highway Engineering [17]. All

the RCC specimens were made by the same batch, which had

the same mix proportions of concrete, the materials, and the

compressive strength of the RCC specimens as shown in Table 1.

The cement was P.O32.5R silicate cement, the river sand with

grain size <5mm was used as the fine aggregate, and the coarse

aggregate was the crushed stone with grain size <20mm. All

the materials were mixed and fully stirred, then the mixture was

TABLE 1 The materials and the compressive strength of RCC.

Water (%) Cement (%) Fly Ash (%) Fine Aggregates (%) Coarse Aggregates (%) Additive (%) fcu (MPa)

5.33 5.40 3.69 32.35 52.48 0.75 37.87
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placed into the molds, and a vibrating hammer was used to pro-

duce specimens with two layers. After casting, the specimens

were covered with plastic film until the next day when they

were de-molded. The specimens were then stored in water, with

a temperature of 216 2�C, until the time of testing that in most

cases took place 28 days after casting.

A total of 18 specimens were prepared. Three types of

specimens were included in group 1 and group 2. There were 3

RCC specimens in each type, as shown in Table 2. The specimen

is equipped with two blocks of marble (for applying the splitting

force), and the shape and size of the RCC specimen is shown in

Fig. 1, and the real RCC specimen is shown in Fig. 2. In Table 2

and Fig. 1, l, h, t are the length, height and thickness of the speci-

mens, respectively, a is the crack depth ratio, a is the length of

the crack, and m is the thickness of the crack.

Wedge Splitting Test (WST)

In this paper, WST was employed. The WST method, originally

proposed by Linsbauer and Tschegg [18] and later developed by

Brühwiler and Wittmann [19], is a simple method since it does

not require sophisticated test equipment and the result is stable.

The WST method has been proved successful for the determi-

nation of fracture properties of concrete [20,21].

A schematic of the testing equipment is clarified in Fig. 3,

and the real testing picture shown in Fig. 4. Two steel plates

with roller bearings and the wedge-shaped frame are placed

partly on top of the specimen and partly into the groove that is

between the two blocks of marble. On the surface of the upper

platen, there is a reservation groove, through which the clip-on

extensometer can be installed on the surface of the RCC speci-

men. During the test, the force on the specimen (F) and the

crack mouth opening displacement (CMOD) can be measured

by the force sensor and the clip-on extensometer, respectively.

Through the signal acquisition instrument, the data can be

acquired and sent to the computer, then F and CMOD obtained.

The typical F-CMOD curve is shown in Fig. 5. The CMODc is

CMOD corresponding to Fmax.

Calculation Methods of Double-K

Fracture Parameters

For specimens with different sizes, the calculation methods of

the double-K fracture parameters are different. For the speci-

men with the size of 150 by 150 by 150mm, according to the

Chinese specification of norm for fracture test of hydraulic con-

crete (DL/T5332-2005), the double-K fracture parameters can

be calculated as follows:

Unstable fracture toughness, Kun
IC , is determined by Eq 1:

Kun
IC ¼

FHmax � 10�3

h
ffiffi
t
p � f að Þ(1)

where:

FHmax¼ the maximum horizontal force, determined by

Eq 2,

t and h¼ the thickness and height of specimen, as

shown in Fig. 1, f að Þ ¼ ð3:675 1� 0:12 a� 0:45ð Þ½ �Þ= 1� að Þ
3=2

,

a ¼ ðac=hÞ, and

TABLE 2 The sizes and crack depth ratios of the two groups of

specimens.

Group l by h by t (mm by mm by mm) a a (mm) m (mm)

Group1 150 by 150 by 150 0.4 60 3

150 by 150 by 150 0.5 75 3

150 by 150 by 150 0.6 90 3

Group2 300 by 300 by 150 0.4 120 3

400 by 400 by 150 0.4 160 3

500 by 500 by 150 0.4 200 3

FIG. 1 Shape and size of RCC specimen.

FIG. 2 RCC specimen.
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ac¼ effective crack length, determined by Eq 3.

FHmax ¼
Fmax þmg � 10�2

2 tan h
(2)

where:

Fmax¼ the maximum force, as shown in Fig. 5,

m¼ the mass of the wedge loading frame,

g¼ the acceleration due to gravity, and

h¼ the angle between wedge loading frame wedge surface

and the longitudinal axis, as shown in Fig. 3.

ac ¼ hþ h0ð Þ 1� 13:18FHmax

tECMODc
þ 9:16

� �1=2
" #

� h0(3)

where:

h0¼ the thickness of the steel plate in clip-on extensometer,

CMODc¼ the critical crack mouth opening displacement,

as shown in Fig. 5, and

E¼ the calculated elastic modulus (GPa), determined by

the following equation:

E ¼ 1
tci

13:18 1� a0 þ h0
hþ h0

� ��2
�9:16

" #
(4)

where:

ci¼ the initial value of CMOD=F,

CMOD ¼ the crack mouth opening displacement, as

shown in Fig. 5,

F¼ the force on the specimen, as shown in Fig. 3, and

a0¼ the initial crack length.

Initial fracture toughness Kini
IC is determined by Eq 5:

Kini
IC ¼

FHQ � 10�3 � f að Þ
t
ffiffiffi
h
p(5)

where FHQ is the crack initiation horizontal load, determined by

Eq 6:

FHQ ¼
FQ þmg � 10�2

2 tan h
(6)

where FQ is the crack initiation load.

FIG. 3

Schematic of the equipment.

FIG. 4 Real testing picture.

FIG. 5 Typical F-CMOD curve.
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For the specimen with sizes larger than 150 by 150 by

150mm, the coordinate system with the center of specimen as

the origin is drawn as in Fig. 6(a), where A1 and A2 is force

points of the wedge loading frame; Ph is the horizontal force

and Pv is the vertical force from the wedge loading frame; F is

the support force. According to the balance of force,

F ¼ 1
2mg þ 1

2 Fv , when the symmetrical force of both side

moved to B1 and B2 (as shown in Fig. 6(a)), the stress system of

Fig. 6(a) is equivalent to Fig. 6(b), where M is the equivalent

bending moment. According to the superposition principle of

intensity factor [22], Fig. 6(b) can be decomposed into the

Fig. 6(c) and Fig. 6(d), and Fig. 6(c) is equivalent to Fig. 6(e).

Then the stress condition of the specimen turns into the sum of

uniaxial tension and pure bending moment.

So the unstable fracture toughness, Kun
IC , can be expressed as

Eq 7:

Kun
IC ¼ K1 þ K2(7)

K1 is the unstable fracture toughness for the specimen

under uniaxial tension, determined by Eq 8:

K1 ¼ r pacð Þ
1
2� f

ac
h

� �
(8)

where f ac=hð Þ ¼ 1:122� 0:231 ac=hð Þ þ 1:055 ac=hð Þ2�21:71
ac=hð Þ3þ 30:382 ac=hð Þ4; r ¼ Ph=th.

K2 is the unstable fracture toughness for the specimen

under pure bending moment, determined by Eq 9:

K2 ¼
6M
th2

pacð Þ
1
2� g

ac
h

� �
(9)

where g ac=hð Þ ¼ 1:122� 1:40 ac=hð Þ þ 7:33 ac=hð Þ2�13:08
ac=hð Þ3þ14:0 ac=hð Þ4; M ¼ ð1=2ÞPh � ð1=2ÞsPv .

Results and Analyses

The crack in the RCC specimen during the test is shown in

Fig. 7.

In Fig. 7, the subcritical effective crack can be clearly seen;

the crack develops roughly. This phenomenon is caused by the

aggregate in the RCC specimen, when the crack meets the

aggregates, it will then bypass.

EFFECT OF CRACK DEPTH RATIO ON DOUBLE-K

FRACTURE PARAMETERS

The relationships of CMODc, FHmax, ac, Kini
IC , and Kun

IC with the

crack depth ratio a can be obtained from tests with specimens

of group 1. The results are shown in Figs. 8–12.

The relation curves of CMODc–a, FHmax–a, and ac–a all

can be well fitted by exponential function, whereas Kini
IC –a can

be fitted by Boltzmann function. For the Kun
IC –a, the linear

FIG. 6

Force conditions and equivalent force analysis

of RCC specimen.
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function is appropriate to fit the relation curve. All the fitting

equations are shown in the corresponding figures above, where

R is the correlation coefficient. It can be found that CMODc and

ac increase with the increase of a, whereas FHmax decreases.

The effect of a on Kini
IC is different from Kun

IC , a has a nega-

tive influence on Kini
IC , i.e., K

ini
IC decreases with the increase of a.

The effect of a on Kun
IC is positive, i.e., Kun

IC increases with the

increase of a. In the range of 0.4� 0.6, a has a continuous effect

on Kini
IC ; however, the effect on Kun

IC decreases with the increase

of a.

EFFECT OF SPECIMEN SIZE ON THE UNSTABLE

FRACTURE TOUGHNESS Kun
IC

The relationships of CMODc, FHmax, ac, and Kun
IC with h can be

obtained from tests with specimens of group 2. The results are

shown in Figs. 13–16, respectively.

The relation curves of CMODc–h, ac–h can be fitted by a

linear function, while FHmax–h can be fitted by Gauss function.

For the Kun
IC –h, the exponential function is appropriate to fit the

relation curve. All the fitting curves are shown in the

FIG. 7 Crack propagation of RCC specimen.

FIG. 8 CMODc–a curve.

FIG. 9 FH max–a curve.

FIG. 10 ac–a curve.

FIG. 11 Kini
IC –a curve.
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corresponding figures above. It implied that CMODc and ac
increase with the increase of h. FHmax reaches the minimum

when h is 300mm.

For a is 0.4 and h is <500mm, the results above indicated

that Kun
IC increase with the increase of h. When h is <300mm,

Kun
IC grows rapidly; however, it tends to be stable when h is

>300 mm. It implied that when h is <300mm, the effect of

specimen size on Kun
IC is significant, but it decreases when h is

>300mm.

Conclusions

Two groups of RCC specimens with different specimen size and

crack depth ratio were investigated by wedge splitting method

to study the effects of different specimen sizes and different

crack depth ratios of roller compacted concrete on double-K

fracture model parameters. Double-K fracture parameters were

FIG. 12 Kun
IC –a curve.

FIG. 13 CMODc–h curve.

FIG. 14 FH max–h curve.

FIG. 15 ac–h curve.

FIG. 16 Kun
IC –h curve.

Journal of Testing and Evaluation342

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



calculated by the Double-K fracture theory of concrete. The fol-

lowing conclusions can be drawn:

1. When the crack depth ratio a increased from 0.4 to 0.6,
the unstable fracture toughness Kun

IC increases, whereas
the initial fracture toughness Kini

IC decreases. a has a con-
tinuous effect on Kini

IC ; however, the effect on Kun
IC reduces

with the increase of a.
2. For a is 0.4 and h is <500mm, Kun

IC increases with the
increase of h. When h is <300mm, Kun

IC grows rapidly;
however, it tends to be stable when h is >300 mm. It
implied that when h is <500mm, the specimen size will
affect Kun

IC , so if double-K fracture theory is employed as
the practical crack fracture criterion, the height of the
specimen should be >500mm.
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ABSTRACT

The mix proportion and mechanical properties of polyethylene terephthalate (PET) concrete

were studied by orthogonal test. PET concrete was produced by mixing melted PET with

aggregate and mineral admixtures. The effects of several factors on the properties of PET

concrete were investigated. These factors included: (1) coarse aggregate type, (2) mineral

materials, (3) PET and mineral/aggregate (PETAM/AG) ratio, (4) sand ratio, (5) PET/mineral

(PET/MA) ratio, and (6) maximum particle size of coarse aggregate. The results showed that

the most important factor was PETAM/AG, followed by sand ratio and PET/MA. Samples

with 10 mm coarse aggregate had the highest compressive strength of 36 MPa. The

compressive strength decreased 8.6 and 37 % as the coarse aggregate maximum particle

sizes changed from 10 to 4.75 and 13 mm, respectively. There was no significant difference in

flexural strength when the sand ratio changed from 35 to 68 %. The strength of PET concrete

with basalt was higher than that of concrete with limestone. The concrete containing fly ash

and 5 % talc had the highest strength followed by concrete with fly ash, Portland cement

(PC), fly ash with 5 % asphalt, without any mineral. The best mix proportion of PET concrete

was PETAM/AG of 1:3, sand ratio of 35 % and PET/fly ash of 2:1.

Keywords

PET concrete, mix proportion, compressive strength, flexural strength, orthogonal test

Introduction

Polyethylene terephthalate (PET), a semi-crystalline polymer, is the first linear thermoplastic poly-

mer which was industrialized. The tensile modulus and flexural modulus is 2.9 and 2.4GPa,

respectively. Its melting point is 260�C and its density is 1.3�1.4 g/cm3 [1].

PET is widely employed as a raw material to produce products such as bottles for soft-drinks

and containers for the packaging of food and other consumer goods. PET bottles have already
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replaced the glass bottles to transport and store soft drinks

because of their advantages, including light quality, easy pro-

duction, and storage. Now, it is reported that the world’s annual

consumption of PET bottles is approximately 20� 106 tons.

This number grows up to about 15 % every year. However, the

number of recycled bottles is very low [1]. The waste PET

(WPET) recycled method has great influence on the ecological

environment because PET cannot be biodegraded [2]. One of

the recycling methods is using PET in civil engineering. This is

because PET has some advantages such as high toughness, good

durability, and light weight [3].

Recently, recycled PET has been used to produce concrete.

This method not only provides an effective way of recycling

PET [4,5], but also saving raw mineral resources and reducing

the environmental pollution caused by cement production [6,7].

Three ways to use waste PET in concrete: (1) waste PET is

depolymerized for unsaturated polyester resin (UPR) as binder

and produces polyester concrete, (2) waste PET as a raw mate-

rial is produces fiber reinforced concrete, and (3) waste PET as

a fine aggregate produces lightweight aggregate concrete.

Used UPR as binder to produce polyester concrete has

higher compressive strength and flexural strength than Portland

cement concrete. The daily strength could reach 80 % of the

final strength [8,9]. However, the concrete is sensitive to tem-

perature [10,11]. Mahdi [12] depolymerized the recycled PET

through glycolysis to produce unsaturated polyester resin

(UPR) and used UPR to produce polymer mortar (PM) and

polymer concrete (PC). The flexural strength of UPR polyester

concrete was higher than Portland cement concrete. However,

the depolymerization of recycled waste PET has shortcomings,

including high cost and a complex process. Ge [9] used waste

PET as binder to produce plastic mortar. The effects of PET to

sand ratio, curing time, and the addition of asphalt on physical

and mechanical properties of plastic mortar were investigated.

The results showed plastic mortar had the characteristics of low

water absorption and fast strength development. As the sand con-

tent increased, the compressive and flexural strength of plastic mor-

tar increased. Under room temperature, plastic mortar could attain

over 90 % of its ultimate compressive strength within 3h. More-

over, adding a small amount of asphalt could improve the plastic

mortar’s flexural strength. Lei [13–15] analyzed the influence of cal-

cium carbonate (CaCO3) and talcum powder to PET crystallization.

Mixing 5 % of talcum powder (by weight) could improve the tensile

strength and flexural modulus of PET obviously.

The second way is using waste PET to produce fibers and

fiber-reinforced concrete [16]. PET fiber reinforced concrete can

restrain concrete cracks effectively [17]. However, the characteristics

and low surface energy of plastic materials result in a poor mechan-

ical bond with the cement-based composite [18–20]. In addition,

PET fibers only contained 0.3 to 1.5 % in the fiber reinforced con-

crete by volume. In this case, compared with the first recycling

method, only a small amount of waste PET is reused [21,22].

The third way is using waste PET as fine aggregate to pro-

duce lightweight aggregate concrete [23,24]. Choi [25] used

waste PET as lightweight aggregate in partial substitution of

river sand in concrete. The concrete compressive strength

decreased 6 % and splitting tensile strength decreased 19 %.

Choi [26] heated waste PET to 250�C and mixed it with river

sand as lightweight aggregate (WPLA) to produce mortar. The

compressive strength of mortar tended to decrease as the mix-

ture proportion of WPLA increased. Akçaözoğlu [27] found

WPET mortar decreasing the structure weight and keeping the

strength. Albano [28] analyzed the mechanical behavior of con-

crete contained 10 and 20 % weight of WPET. The compressive

strength, flexural strength, and elastic modulus of WPET con-

crete decreased as the weight and particle size of WPET

increased. Naik [29] used high-density polyethylene (HDPE) as

fine aggregate to produce concrete. The HDPE were washed by

water, bleach, or bleach with sodium hydroxide caustic soda

(NaOH). The compressive strength of concrete decreased as the

amount of HDPE above 0.5 %. The highest compressive

strength of concrete was washed by bleach with NaOH. Liu

[30–32] mixed recycle ABS/PC plastic particles into concrete to

produce plastic concrete and test the strength.

Limited studies showed that it was possible to use melted

waste PET as binder to produce concrete. However, the factors

that influence properties of PET concrete were not studied. This

paper investigated mix design and the major factors that could

affect the mechanical properties of PET concrete.

Experimental

MATERIALS

Two types of waste PET were investigated. One was recycled

PET bottles. The PET flakes produced from waste PET bottles

were shown in Fig. 1. Another was the PET particles produced

by the recycle PET bottles (Fig. 2). The density of the PET

FIG. 1 PET flakes produced from waste bottles.
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particles was 1.35 g/cm3, melting point was 260�C, the maxi-

mum particle size was 4mm, and minimum particle size was

2mm.

Figure 3 showed the infrared spectrum of waste PET bottles

and PET particles. The band at 1712 cm�1 was assigned to car-

bonyl C¼O stretching; 1411 cm�1 was assigned to aromatic

skeletal stretching; 1240 cm�1 was assigned to C(O)–O stretch-

ing of the ester group; 872 and 726 cm�1 were assigned to the

coupled vibrations of the aromatic out-of-plane C–H bending

mode and the out-of-plane O¼C–O bending mode. Two lines

almost coincided in crest and trough of the band. The results

clearly indicated that the two kinds of PET material had similar

characters. Since the producing flake with PET bottle was labor

intensive, PET particles were used in the experiment because to

save time and labor.

The fine aggregate was local river sand with a fineness mod-

ulus of 2.87. Water absorption was 2.2 % and specific gravity

was 2.6. Two types of coarse aggregate, washed local limestone

and basalt, were employed. The maximum particle sizes were

13, 10, and 4.75mm, respectively. Both aggregates meet the

requirements of the Fuller grading curves.

The admixtures used include fly ash (FA), limestone dust,

Portland cement (PC), talc, and asphalt. These materials were

used to partially replace PET to reduce the amount of PET and

improve the concrete strength.

The cement used was ordinary Portland cement with a 28-

day compressive strength of 42.5MPa. According to Chinese

GT/B 1596, the fly ash was Class I fly ash. The main chemical

compositions of cement and fly ash are provided in Table 1.

EXPERIMENT PROGRAM

Since there were many factors affecting the properties of PET

concrete, the experiment was carried out in two stages. In the

first stage, the effects of three factors: (A) PET/minerals (PET/

MA) ratio, (B) PET and mineral/aggregate (PETAM/AG) ratio,

(C) sand ratio were investigated. Each factor had three different

levels (Table 2). Since the full factorial design required 27 mixes,

the orthogonal experimental design was adopted to reduce the

number of mixes. According to the orthogonal experimental

design table of L9(33), a total of 9 mixes were tested. The

orthogonal experimental design was shown in Table 2. In this

FIG. 2 PET particles.

FIG. 3

Infrared spectrum of waste PET bottles and

PET particles.

TABLE 1 Main chemical compositions of cement and fly ash.

Chemical Composition CaO SiO2 Al2O3 Fe2O3 MgO Na2O LOI

Cement 60.69 21.31 6.87 2.73 4.15 1.12 2.43

Fly ash 3.88 45.66 31.51 9.70 0.89 3.02 0.37
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stage, the effect of coarse aggregate and mineral admixture were

fixed. Limestone with the maximum particle size of 10mm was

used as coarse aggregate. The limestone dust was used as min-

eral admixture. In stage two, the PET/MA ratio, PETAM/AG

ratio, and sand ratio were fixed based on the orthogonal experi-

mental results. The effects of aggregate and mineral mixtures

were studied. Variables were divided into five groups: (1) maxi-

mum particle size of coarse aggregate (Series I), (2) coarse ag-

gregate type (Series II), (3) mineral materials type (Series III),

(4) PET to Fly ash ratio (Series IV), (5) sand ratio (Series V).

The experiment design was shown in Table 3. For coarse aggre-

gate’s maximum particle size, three sizes (13, 10, and 4.75mm)

were employed. Two types of coarse aggregate, limestone and

basalt, were used. Four mineral materials were used as admix-

ture to produce PET concrete, including fly ash, Portland

cement, fly ash and 5 % talc, fly ash and 5 % asphalt. The PET

to fly ash ratio used in the Series IV was 1:0, 4:1, 3:1, 2:1, and

1:1; 35 and 68 % sand ratio were used in series V.

SPECIMEN PREPARATION

PET particles were first mixed with mineral for 3min and then

heated to 260�C�285�C. At the same time, the aggregate was

also heated to the same temperature. When PET particles were

completely melted, melted PET was mixed with aggregate for

TABLE 2 Orthogonal test of PET concrete mix proportion.

Level

Mix Sand Ratio (%) PETAM/AG PET/MA

1 30 1:1 4:1

2 30 1:2 2:1

3 30 1:3 1:1

4 35 1:1 2:1

5 35 1:2 1:1

6 35 1:3 4:1

7 40 1:1 1:1

8 40 1:2 4:1

9 40 1:3 2:1

TABLE 3 Experiment design for the study of different factors.

PETAM/AG Sand Ratio (%) PET/MA Coarse Aggregate Material Maximum Particle Size (mm) Mineral

Series I

1 1:3 35 1:1 Limestone 13 Fly ash

2 1:3 35 1:1 Limestone 10 Fly ash

3 1:3 35 1:1 Limestone 4.75 Fly ash

Series II

1 1:3 35 1:1 Limestone 10 Fly ash

2 1:3 35 1:1 Basalt 10 Fly ash

Series III

1 1:3 35 1:0 Limestone 10 none

2 1:3 35 1:1 Limestone 10 FAþ 5 % asphalt

3 1:3 35 1:1 Limestone 10 FA

4 1:3 35 1:1 Limestone 10 PC

5 1:3 35 1:1 Limestone 10 FAþ 5 % talc

Series IV

1 1:3 35 1:0 Limestone 10 Fly ash

2 1:3 35 4:1 Limestone 10 Fly ash

3 1:3 35 3:1 Limestone 10 Fly ash

4 1:3 35 2:1 Limestone 10 Fly ash

5 1:3 35 1:1 Limestone 10 Fly ash

Series V

1 1:3 35 2:1 Limestone 10 Fly ash

2 1:3 68 2:1 Limestone 10 Fly ash

FIG. 4 PET concrete cube.
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2min. After that, PET concrete was put into the mold and com-

pacted for 1min at room temperature. After compaction, speci-

mens were cured in preheated 180�C oven for 1 h and then put

in the room until test (Fig. 4).

TEST METHODS

Infrared Spectrum Analysis was conducted to measure the main

functional groups and the amount of crystal. The tests were

conducted using VERTEX-70 FT-IR spectrometers (BRUKER

OPTICS). The powder of PET was ground with potassium bro-

mide, and then pressed into a thin film. The scanned absorption

bands ranged from 400 to 4000 cm�1.

Bulk density and water absorption were tested according to

JTJ 052-2000 [33]. The compressive and flexural strengths of

the PET concrete were measured according to JTG E30-2005

[34]. The size of specimens for the compressive strength test

was 100 by 100 by 100mm. The tests were carried out by using

the Microcomputer Controlled Electronic Universal Testing

Machine under force control at the rate of 0.5 kN/s until its

failure.

Prisms of 100 by 100 by 400mm were cast for the flexural

strength test. The flexural strength tests were performed on the

prismatic specimens by the three points loading test under force

controlled at the rate of 0.04 kN/s until its failure. Figure 4

shows the specimens for compressive strength tests.

All strength was obtained from three samples. The variation

of three samples could not exceed more than 15 %. The average

of these three samples is presented and discussed in the next

section.

Results and Discussion

RESULTS OF ORTHOGONAL TEST

The orthogonal experimental analysis was employed to obtain

the optimal concrete mix. The analysis process is as follows [35]:

(1) Select the suitable mix proportion based on the experi-
mental results.

(2) Conduct the range analysis to evaluate the significance
levels of all the influencing factors and select the optimal
level of each factor. For range analysis, the K value, k
value, and range value (R) were calculated. The K value
for each level of a parameter was the sum of three values
of samples with the same level. For example, for concrete
compressive strength, the K1 for sand ratio was the sum
of concrete compressive strength of samples with sand
ratio of 30 % (Table 4). The range value for each factor
was the difference between the maximal and minimal
values of the three levels. The most significant factor has
the highest R value. The mix proportion was selected
based on the range analysis.

(3) According to the nine selected mix designs and the order
of significance levels, the optimal concrete mix design
can be found.

(4) The sum of squares, degree of freedom, and F value were
summarized and compared to determine the significance
level of all factors. With the orthogonal experimental
design form L9(33), a table was set in the orthogonal ta-
ble for error estimation. F value was used to test the sig-
nificance of various factors. Then the optimal concrete
mix design can be confirmed.

TABLE 4 Range of PET concrete mix proportion orthogonal test.

Level

Mix
Sand

Ratio (%)
PETAM/

AG
PET/
MA

Compressive
Strength (MPa)

1 30 1:1 4:1 24.21

2 30 1:2 2:1 19.73

3 30 1:3 1:1 18.10

4 35 1:1 2:1 13.13

5 35 1:2 1:1 32.73

6 35 1:3 4:1 25.23

7 40 1:1 1:1 16.60

8 40 1:2 4:1 15.75

9 40 1:3 2:1 27.00

K1 62.04 53.94 65.19

K2 71.09 68.21 59.86

K3 59.35 70.33 67.43

R 11.74 16.39 7.57

TABLE 5 Variance of PET concrete mix proportion orthogonal test.

Source Square Sum Degree of Freedom Mean-Square Deviation F Fa Significance Level

Sand ratio 25.22 2 12.61 6.41 F0.05(2,8)¼ 4.46 *

PETAM/AG 52.97 2 26.49 13.46 F0.01(2,8)¼ 8.65 **

FIG. 5 Compressive strength of concrete with different coarse aggregate

max particle size.
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In Table 4, the R of PETAM/AG ratio was the highest, fol-

lowed by sand ratio. The R of PET/MA ratio was the lowest.

The result showed that PETAM/AG was the most significant

factor for the PET concrete mix proportion. In Table 5, F value

showed that PETAM/AG and sand ratio were significant. How-

ever, PETAM/AG was more important than sand ratio. Accord-

ing to Table 4 and Table 5, the optimal mix proportion was

PETAM/AG of 1:3, sand ratio of 35 % and PET/MA of 1:1.

COMPRESSIVE STRENGTH ANALYSIS

The Compressive Strength of Concrete With

Different Coarse Aggregate Maximum Particle Size

Figure 5 showed that the maximum size of coarse aggregate had

a significant effect on PET concrete compressive strength. As

the maximum particle size increased, compressive strength first

increased and then decreased. When the maximum particle size

was 10mm, PET concrete had the highest compressive strength

of 36MPa. The compressive strength was 32.9 and 22.68MPa

for concrete with a 4.75 and 13mm aggregate, respectively.

Compared with concrete with a 10mm aggregate, compressive

strength decreased 8.6 and 37 %, respectively. This could be

caused by the bond conditions between the aggregate and PET.

Further investigations were needed. Figure 6 and Fig. 7 indicated

that the failure mode of PET concrete was similar to normal

cement concrete.

The Compressive Strength of ConcreteWith

Different Coarse Aggregate Materials

In Fig. 8, compressive strength of PET concrete used basalt was

34.04MPa, which was 29.2 % higher than the strength of con-

crete with limestone. This could be caused by the strength of ag-

gregate. The broken sample showed that most limestone

aggregate was fractured. However, less basalt aggregate was

fractured due to basalt’s high strength. Therefore, the strength

of PET concrete with basalt was more controlled by the bonding

between aggregate and PET. However, the price of basalt was

higher than limestone. The limestone was employed as coarse

aggregate for the following study.

FIG. 6 Specimen after compressive strength test.

FIG. 7 PET concrete’s cross section after test.

FIG. 8 Compressive strength of concrete with different coarse aggregate

materials.

FIG. 9 Compressive strength of concrete with different minerald.

YAO ET AL. ON MIX PROPORTION AND MECHANICAL PROPERTIES OF PET CONCRETE 349

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



The Compressive Strength of Concrete

with Different Mineral Materials

In Fig. 9, samples with different mineral materials had different

compressive strength. The compressive strength of PET con-

crete without any mineral was only 14.28MPa. The compressive

strength of PET concrete with fly ash and 5 % asphalt was

21.34MPa. It was decreased 5.9 % compared with the PET con-

crete only with fly ash. The compressive strength was 22.68 and

22.84MPa for samples with fly ash and Portland cement,

respectively, which were 60 % higher than that of PET concrete

without mineral. Because fly ash particles were spherical, it

could be easily mixed with melted PET and improve the work-

ability. If the fly ash was mixed with 5 % quality talc, the com-

pressive strength was 26.34MPa and increased 16.1 %

compared with PET concrete only with fly ash and PC.

The results indicated that proper mineral was beneficial for

compressive strength of PET concrete. Fly ash and PC had sig-

nificantly improvement of compressive strength. The 5 % talc

could promote the crystallization of PET [13–15] and increase

PET concrete compressive strength effectively. However, the

price of fly ash was lower than PC, so it was recommended to

use fly ash with talc or only fly ash as mineral admixture.

The Compressive Strength of Concrete

With Different PET to Fly Ash Ratio

In Fig. 10, the compressive strength of specimens with PET/FA

of 4:1, 2:1, and 1:1 were 25.8, 29.2, and 26.54MPa, respectively.

The sample with PET/FA of 2:1 had the highest compressive

strength. It was increased about 13.2 % compared with PET/FA

of 4:1. As PET/FA of 1:1, the compressive strength only

decreased 9.1 % compared with PET/FA of 2:1. Considering the

cost of materials, the best PET/FA ratios were 2:1 or 1:1.

FLEXURAL STRENGTH ANALYSIS

The Flexural Strength of Concrete

With Different PET to Fly Ash Ratio

In Fig. 11, the flexural strength was increased as the fly ash

increased. The flexural strength of PET concrete without fly ash

FIG. 10 Compressive strength of concrete with different PET to FA ratio.

FIG. 11 Flexural strength of concrete with different PET to FA ratio.

FIG. 12 Flexural strength of concrete with different coarse aggregate

materials.

FIG. 13 Flexural strength of concrete with different sand ratio.
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was 4.88MPa. The flexural strength was 5.25 and 9.42MPa as

PET/FA of 3:1 and 2:1, respectively, which increased 7.6 and

93 % compared with PET concrete without fly ash. As PET/FA

of 1:1, the flexural strength was decreased 3.5 % compared with

PET/FA of 2:1. The PET concrete flexural strength increased

prominent by adding fly ash. The PET/FA of 2:1 and 1:1 had

good performance on flexural strength.

The Flexural Strength of Concrete

With Different Coarse Aggregate Materials

In Fig. 12, the flexural strength with limestone was 9.09MPa and

basalt was 12.23MPa. Compared with limestone, the flexural

strength of basalt increased remarkably by 34.5 %. This trend

was consistent with that of compressive strength.

According to the results of compressive strength and flex-

ural strength, PET concrete with basalt had great strength and

could be applied to the structures which required high strength.

The Flexural Strength of Concrete

With Different Sand Ratio

In Fig. 13, as the sand ratio was 35 and 68 %, the flexural

strength of PET concrete was 9.42 and 9.56MPa, respectively.

Specimens had similar flexural strength. The sand ratio showed

the negligible effects on PET concrete’s flexural strength.

STATISTICAL ANALYSIS

Statistical analysis was performed for the compressive strength

and flexural strength. The results were shown in Tables 6 and 7.

According to the F and P values, the maximum particle size was

the most significant factor for the compressive strength, fol-

lowed by coarse aggregate and mineral material. The P value for

PET/FA ratio was 0.3, which indicates that PET/FA ratio was

not significant for compressive strength. Different from com-

pressive strength, the PET/FA ratio was the most significant fac-

tor for flexural strength (Table 7). Besides PET/FA ratio, the

coarse aggregate material was also significant. However, the

sand ratio was not significant for flexural strength.

Conclusions

(1) The PETAM/AG effected on PET concrete compressive
strength significantly, followed by sand ratio and PET/
MA. The optimal mix proportion in orthogonal test was
PETAM/AG of 1:3, sand ratio of 35 %, and PET/MA of
1:1.

(2) As the maximum particle size of coarse aggregate was
10mm, the compressive strength of PET concrete was
the highest. The strength was 8.6 and 37 % higher than
that of concrete with 4.75 and 13mm aggregate,
respectively.

(3) As the coarse aggregate was basalt, the PET concrete
compressive strength and flexural strength increased
29.2 and 34.5 % compared with the limestone. However,
the flexural strength of PET concrete with limestone
aggregate could easily reach 9MPa.

(4) As the PET/MA of 1:1, fly ash with 5 % talc could pro-
vide the highest compressive strength. The second was
only mixed fly ash and PC, and then fly ash with 5 %
asphalt. The fourth was without mineral.

(5) As PET/FA of 2:1, the PET concrete compressive
strength was the highest, 29.2MPa. Then, for the PET/
FA of 2:1, the compressive strength was 26.54MPa. The
lowest was PET/FA of 4:1, 25.8MPa. As the concrete
without any fly ash, the flexural strength was only
4.88MPa. As the PET/FA of 3:1, the flexural strength
was increased 7.6 %. As PET/FA of 2:1, the flexural
strength was increased 93 % up to 9.42MPa. As PET/FA
of 1:1, the flexural strength was decreased 3.5 % com-
pared with PET/FA of 2:1, and it was 9.09MPa.

(6) The best mix proportion was PETAM/AG of 1:3, sand
ratio of 35 %, and PET/fly ash of 2:1.

Based on the research, PET concrete could be used for the fol-

lowing purposes: (1) fast repairing material for the bridge

expansion joint and pavement distresses, (2) a prefabricated

highway and bridge safety barrier, and (3) enhanced anti-

seismic ability of concrete construction.
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ABSTRACT

In order to investigate the seismic behaviors of RC columns reinforced with HRBF400 steel

bar (HRBF-high strength hot rolled bars of fine grains), four rectangle cross-section

HRBF400 RC columns’ bending low-cycle reversed loading experiments were made.

Influences of reinforcement ratio, axial compression ratio, and stirrup ratio on the seismic

behaviors of HRBF400 RC columns were analyzed. Characteristic of hysteretic curve and

skeleton curve are studied, and characteristic value and displacement ductility of each

specimen was calculated. The results show HRBF400 RC columns have good seismic

behavior. Yield load, peak load, and ductility improve with the increasing of reinforcement

ratio. Columns of high compression ratio have high peak load and yield load, but their

skeleton curves decrease quickly after peak load and have low ductility. Columns of low

compression ratio have low peak load and yield load, but decrease gentlly after peak load

and also have good ductility. Seismic behaviors and ductility of RC columns improve with

the increasing of stirrup ratio.

Keywords

seismic behavior, concrete column, HRBF400

Introduction

In order to conserve resources and build a sustainable society, the People’s Republic of China

began to popularize 400MPa grade steel bar in engineering construction, and current code for

design of concrete structures [1] had been recommending 400MPa grade steel bar as RC struc-

ture’s dominated reinforcement. Moreover, certain numbers of RC structures reinforced with

400MPa grade steel bar were made. Although a 400MPa grade steel bar has the same elastic
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modulus with 335MPa grade steel bar, its yield strain and yield

deformation of RC columns reinforced with 400MPa steel bar

increases significantly. Ultimate deformation of 400MPa RC

columns are larger than RC columns reinforced with 335MPa

grade steel bar, and its displacement ductility factor is smaller

than RC columns reinforced with low strength steel bar. Thus,

it is necessary to study the seismic behaviors of RC columns re-

inforced with a 400MPa high strength steel bar.

Li [2] studied five full-scale square cross-section high

strength concrete columns’ seismic behaviors. Azizinamini [3]

studied the ductility and flexural capacity of high strength

RC columns under proposed experimental earthquake force.

Shamin [4] performed an experimental test of large proportion

high concrete grade reinforced columns (fc¼ 55.5MPa) with

cube base. Hou [5] conducted an experimental study on the

seismic behavior of high strength reinforced high-strength con-

crete compression-bending members. Guan [6] performed an

experimental study on the ductility of high-strength concrete

columns, which take cold-rolled ribbed steel bars as its stirrups.

Li [7] studied the seismic behaviors of concrete frame columns

reinforced with high-strength steel bars. Xiao [8] studied six

inverted T-shaped specimen in a fixed axial load and horizontal

cyclic loading experiment. Liu [9] performed a six 500MPa fine

grain high strength reinforced concrete columns compression-

bending low cyclic loading experiment. Zhang [10] made a

cyclic loading experiment of a four concrete-beam cross-shaped

joint with different reinforcement ratio (reinforced with fine

grain high strength steel bars). Wang [11] simulated an analysis

of the seismic performance of RC columns reinforced with

HRB500.

Current studies regarding seismic behaviors of concrete col-

umns reinforced with fine grain high strength steel bars are still

lacking. As such, it is necessary to undertake a depth study to

provide a theoretical basis of fine grain high-strength steel bars

for its application in engineering construction.

Experiment Design

400MPa grade fine grain high strength steel bars produced by

the Jiangsu Yonggang group were used as longitudinal rein-

forcement and stirrups. Mechanical properties of HRBF400

were tested in the building materials central laboratory of

Southeast University (Fig. 1) [12]. Before the test, strain gauges

were affixed on the surface of test samples to measure the strain

during the test, and the surface of test samples were marked to

measure elongation (Fig. 2). Stress–strain curves of HRBF400

are shown in Fig. 3, and mechanical properties of HRBF400 are

listed in Table 1.

FIG. 1 Mechanical testing of HRBF400.

FIG. 2 Fractured specimen of HRBF400 (D¼ 16 mm).

FIG. 3 Stress–strain curves of HRBF400.

TABLE 1 Mechanical properties of HRBF400.

D/mm fy/MPa fu/MPa fu/fy Es/GPa d/%

8 404 579 1.38 185 31.7

12 405 558 1.38 185 32.2

16 452 603 1.33 185 29.6

Note: D, diameter of HRBF400; fy, yield strength of HRBF400; Es, elastic
modulus of HRBF400; d, elongation of HRBF400.
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Symmetrical reinforcement was adopted. The concrete

cover thickness of longitudinal reinforcement was 25mm.

Specimens parameters are listed in Table 2, where the diameter

of longitudinal reinforcement is 12 and 16mm and the diameter

of the stirrup is 8mm. Concrete compressive strength was made

at the same time with a component test and its value was

27.8MPa. The test device is shown in Fig. 4 and its schematic

diagram is shown in Fig. 5.

Firstly, vertical load was applied to the specimen by hy-

draulic jack and kept constant; then horizontal load was applied

by electro-hydraulic servo actuator. The load-displacement

mixed control loading method was adopted (Fig. 6): (1) force

control before steel bars yield, sub-three loaded once per stage

reciprocating cycle; (2) displacement control after steel bars

yield, each level in increments of displacement corresponding

reinforcement yielding, reciprocating cycle three times per level;

(3) stop loading when horizontal load drops to 85 % of the max-

imum load.

Experimental Phenomenon

In specimen CE4A, when loaded to þ40 kN, horizontal cracks
occur at the east side of concrete, 15mm in height from the

root of the column. When loaded to �40 kN, horizontal cracks
occur at the west side of concrete, a 25.0mm height from the

root of the column. When loaded to þ4D0 (þ, indicate forward
loading; D, displacement corresponding reinforcement yielding;
0, first cycle), vertical cracks appear at the west side of the con-

crete column. The specimen failure mode is shown in Fig. 7.

For specimen CE4B, when loaded to þ40 kN, horizontal
cracks occur at the east side of concrete, a 20.0mm height from

the root of the column. When loaded to �40 kN, horizontal
cracks occur at the west side of concrete, a 17.5mm height from

the root of column. When loaded to þ3D0, vertical cracks

appear at the east side of the concrete column. However, when

loaded to �3D0, vertical cracks appear at the west side of the

concrete column. When loaded to �4D0, the east side concrete
crushed. The specimen failure mode is shown in Fig. 8.

For specimen CE4C, when loaded to þ40 kN, horizontal
cracks occur at the east side of concrete, 15.0 and 30.0mm in

height from the root of the column. When loaded to �40 kN,
horizontal cracks occur at the west side of concrete, 6.3mm in

height from the root of the column. When loaded to þ60 kN,
horizontal cracks occur at the east side of the concrete, 25.5 and

44.5mm in height from the root of the column; 15.0mm crack

(occurred at þ40 kN) began downwards. When loaded to

�60 kN, horizontal cracks occur at the west side of the concrete,
17.5, 22.5, 35.5, and 44.0mm in height from the root of the col-

umn. When loaded to þ4D0, vertical cracks appear at the west

TABLE 2 Experimental parameters.

Number h/mm b/mm H/mm As qs/% Stirrups qsv/% n Vertical Load/kN

CE4A 250 250 1175 2 12 0.42 8@100 1.00 0.3 521

CE4B 250 250 1175 2 12 0.42 8@100 1.00 0.45 782

CE4C 250 250 1175 2 16 0.74 8@100 1.00 0.3 521

CE4D 250 250 1175 2 16 0.74 8@75 1.34 0.3 521

Note: h, section height; b, section width; H, columns height; fy, yield strength of steel bars; qs, longitudinal reinforcement ratio; n, Axial compression ratio; ,
HRBF400 steel bar; qsv, stirrups volume ratio.

FIG. 4 Loading device.

FIG. 5 Schematic diagram of Loading device and measuring points.
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side of the concrete column; when loaded to �4D0, vertical
cracks appear at the east side of the concrete column. However,

when loaded to þ4D00, the west side concrete crushed. The spec-
imen failure mode is shown in Fig. 9.

For specimen CE4D, when loaded to þ40 kN, horizontal
cracks occur at the east side of the concrete, 13.0mm in height

from the root of the column. When loaded to �40 kN, horizon-
tal cracks occur at the west side of the concrete, 4.5mm in

height from the root of the column. When loaded to þ60 kN,
horizontal cracks occur at the east side of the concrete, 19.0,

26.0, 32.5, and 41.0mm height from the root of the column; an

original 13.0mm crack began downwards. When loaded to

�60 kN, horizontal cracks occur at the west side of the concrete,
23.0 and 26.0mm in height from the root of the column. When

loaded to �D0, horizontal cracks occur at the west side of the

concrete, 42.0mm in height from the root of the column. When

loaded to þ4D0, vertical cracks appear at the west side of the

concrete column. When loaded to �4D0, vertical cracks appear
at the east side of the concrete column. When loaded to þ4D0,
the west side concrete crushed. The specimen failure mode is

shown in Fig. 10.

HYSTERESIS CURVE

At each loading–unloading–reverse loading–unloading cyclic

loads, relationship curves of the specimen’s repeated load and

displacement will form a ring, which was called the hysteresis

loop. Repeat cyclic loading forms a series of hysteresis loops

that constitute a specimen hysteresis curve. The hysteresis curve

is a specimen under a cyclic loading force–displacement curve;

it is not only a comprehensive reflection of seismic perform-

ance, but also the foundation to study the seismic performance.

Each specimen hysteresis curve is shown in Figs. 11–14.

As can be seen from Figs. 11–14, the HRBF400 RC columns’

hysteresis curves have the same regulation with normal RC

FIG. 7 Failure mode of CE4A.

FIG. 8 Failure mode of CE4B.FIG. 6 Loading procedure.
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columns. The components of curved destruction have a full hys-

teresis curve and no pinching phenomenon occurs. Its hystere-

sis loop appears in spindle form and has a bigger surrounding

area; the components show good seismic performance and

energy performance. Hysteretic curve of specimen CE4A was

fuller than CE4C; this indicated that the specimen with large

longitudinal reinforcement ratio have a large energy consump-

tion capacity. Hysteretic curve of specimen CE4D was fuller

than CE4C. This indicated that the specimen with small stirrup

spacing (big stirrup ratio) has a large energy consumption

capacity. Hysteretic curve of specimen CE4A was fuller than

CE4B, which indicated that the specimen with a small axial

compression ratio has a large energy consumption capacity.

SKELETON CURVES

Linking all the peaks of load-displacement hysteresis curve

of each cycle would form the skeleton curve, which is also

the maximum peak point movement of each cycle load-

displacement curve; the peak point could not cross skeleton

curve at any time. The skeleton curve was called the restoring

force curve, which is an important parameter for studying

inelastic seismic response. The skeleton shape of a curve, in gen-

eral, is the same as the monotonic loading curve, while its ulti-

mate load is slightly lower and could be used to reflect strength,

deformation, and the ductility of components’ seismic perform-

ance. Skeleton curves of specimen are shown in Fig. 15.

As can be seem from Fig. 15, the HRBF400 RC columns’

skeleton curves have the same regulation with normal RC col-

umns. Skeleton curves are relatively symmetric about the origin,

and each curve has three stages: elasticity, yield, and ultimate.

Yield and peak load increase with the increasing of reinforce-

ment ratio. The column with big axial compression ratio

(CE4B) has a greater peak load, but decreases faster after peak

load and has lower ductility. The column with small axial com-

pression ratio (CE4A) has lower peak load, but decreases slower

FIG. 10 Failure mode of CE4D.

FIG. 11 Hysteretic curve of CE4A.

FIG. 9 Failure mode of CE4C.
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after peak load and has better ductility. Components’ ductility

increases with the increasing of stirrup ratio.

Analysis of Test Results

DUCTILITY FACTOR

Ductility is the non-elastic deformation capacity of structure,

components, and materials while bearing capacity has no signif-

icant drop before failure [13]. Traditional ductility factor is built

on the base of steel or RC structure, and it is defined as the ratio

of ultimate deformation to yield deformation; it can be divided

into curvature ductility factor uu, rotation ductility factor uh,

and displacement ductility factor uD. Curvature ductility factor

only reflects the section ductility, while displacement ductility

factor not only considered the size of the plastic hinge length

and curvature, but also the length of components; thus, dis-

placement ductility factor uD was used to describe ductility

properties frequently.

uD ¼ Du=Dy(1)

where:

Dy¼ component’s yield displacement, and

Du¼ component’s ultimate displacement.

The equal energy method was adopted to determine the

equivalent yield point. Ultimate load Fu was defined as the larg-

est capacity Fmax decreased by 15 %, that is Fu¼ 0.85Fmax. Yield

displacement Dy, ultimate displacement Du, and ductility factor

u obtained by the above method are listed in Table 3, where Du

is the horizontal displacement corresponding to Fu.

As can be seen from Table 3, all specimens’ displacement

ductility factors are larger than 3.0, and so HRBF400 RC col-

umns have good ductility. HRBF400 RC columns’ yield load

and peak load increase with the increasing of axial compression

ratio, while displacement ductility decreases. HRBF400 RC

columns’ yield load and peak load are almost invariant with

the increase of stirrup spacing, while its displacement ductility

factor decreased.

ENERGY DISSIPATION CAPACITY

RC structures’ equivalent viscous damping coefficient he
proposed by Jacobson [14] was used to evaluate HRBF RC

columns’ energy dissipation capacity, structural nonlinear

absorption, and energy dissipation could be reflected from the

shaded area shown in Fig. 16.

he ¼
1
2p

S1
SOAB þ SOCD

(2)

where:

S1¼ shade areas enclosed by hysteresis loop,

SOAB¼ areas of triangle OBA, and

SOCD¼ areas of triangle OCD.

FIG. 12 Hysteretic curve of CE4B.

FIG. 13 Hysteretic curve of CE4C.

FIG. 14 Hysteretic curve of CE4D.

FIG. 15 Components’ skeleton curve.

Journal of Testing and Evaluation358

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



The specimen’s equivalent viscous damping he under yield

load, peak load, and ultimate load are compared and listed in

Table 3. As can be seen from the table, the specimens’ equivalent

viscous damping under yield load, peak load, and ultimate load

are almost the same. This indicates that their energy perform-

ance was similar. Equivalent viscous damping he under yield

load, peak load, and ultimate load of specimens with higher stir-

rup ratio (CE4D) were slightly higher than specimens with

lower stirrup ratio (CE4C). The specimen’s equivalent viscous

damping coefficient under peak load and ultimate load were

larger than the values under yield load, indicating that the speci-

men has better energy performance.

STIFFNESS DEGRADATION

Under the conditions of the same displacement, with the

increasing of the numbers of horizontal loading cycles, struc-

tural stiffness degraded to some extent. Stiffness degradation

could be express as ring stiffness K [14].

K ¼
X

Fj;i
.X

Dj;i(3)

where:

Fj,i¼ the peak point of the ith cycle load value while the

j-level displacement is loaded, and

Dj,i¼ the ith cycle peak point displacement while the j-level

displacement is loaded.

In this paper, relative stiffness is used to describe specimen

stiffness degradation. Relative stiffness a¼K/Ky, Ky is the

specimen yielding stiffness. Relative stiffness degradation curve

of each specimen is shown in Fig. 17.

As can be seen from Fig. 17, relative stiffness of HRBF RC

columns decrease with the increasing of displacement. Speci-

men with bigger axial compression ratio (CE4B) has larger ini-

tial stiffness whereas its stiffness degraded faster. Specimen with

bigger volumetric tie ratio (CE4D) could be conducive to slow

stiffness degradation and also improve component deformation

capacity and seismic performance.

Restoring Force Model

SIMPLIFIED THEORETICAL SKELETON CURVE

The theoretical skeleton curve is shown in Fig. 18. Solving

the following five parameters is the key point to establish a

theoretical skeleton curve: yield load Fy and corresponding dis-

placement Dy, peak load Fmax and corresponding displacement

DP, and degradation of stiffness Kd.

YIELD LOAD AND CORRESPONDING DISPLACEMENT

The yield condition of reinforced concrete compression-

bending members is defined as the end-section tensile reinforce-

ment yield or the outer edge of the concrete that reached the

limits of compressive strain. To shear type columns, the inter-

layer shear yield force Fy and section yield moment My has the

following relationship:

Fy ¼ My=H(4)

FIG. 16 Equivalent viscous damping b calculate schematic diagram.
FIG. 17 Components’ stiffness degradation curves.

TABLE 3 Components’ characteristic value and displacement ductility.

Number Fy/kN Dy/mm he,y Fmax Dmax/mm he,max Fu/kN Du/mm he,u uD

CE4A 69.2 9.3 0.19 82.3 24.3 0.25 70.0 45.0 0.29 4.86

CE4B 72.8 9.0 0.2 90.1 17.9 0.25 75.6 32.5 0.29 3.61

CE4C 80.1 9.3 0.19 94.6 24.2 0.26 80.4 49.5 0.3 5.32

CE4D 79.1 9.5 0.23 95.7 24.7 0.29 81.3 55.0 0.35 5.82
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where H represents the height of the column, the vertical dis-

tance from horizontal loading to column’s root. Column root

section yield moment My could be obtained by the definition of

yield and plane-section assumption [15,16].

My ¼ fyAsðh0 � asÞ þ nbh0fcðh=2� asÞ � 0:5gbh0f
0
c ðgh0=3� asÞ

(5)

where:

fy¼ yield strength of steel bars,

fc¼ concrete compressive strength,

n¼ axis compression ratio,

h0¼ effective height of cross-section,

b, h¼ the width and height of cross-section,

As¼ the cross-section area of tensile reinforcement,

as¼ the distance of the centerline of reinforcement to con-

crete tensile edge, and

fc0 ¼ concrete cross-section yielding maximum compressive

stress and could calculate as the following formula.

f 0c ¼
g

1� g
�
fy
aE

(6)

where:

aE¼ Es/Ec,

Es, Ec¼ elastic modulus of steel and concrete, and

g¼ the height coefficient of the concrete compression zone

and could be calculate as the following formula.

g¼ qtþ
n
af

� �2

a2Eþ qt 1þ a
h0

� �
þ 2n
af

� �
aE

( )1=2

� qtþ
n
af

� �
aE

(7)

where:

af¼ fy/fc, and

qt¼ reinforcement ratio of tensile steel bars.

Specimen were considered as elasticity before yield and

yield displacement theoretical value could be obtained by the

definition of yield and plane-section assumption.

Dy ¼
fyH2

3h0ð1� gÞEs
(8)

PEAK LOAD POINT Fmax AND Dp

According to the statistical analysis of reinforced concrete

compression-bending members test results [16,17], the peak

load Fmax and yield load Fy has the following relationship:

Fmax ¼ ð1:24� 0:775qtaf � 0:5nÞFy(9)

Dp ¼ uuDy(10)

uu, specimen ductility factor [18,19],

uu ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 6awkw
p

0:045þ 1:75n
(11)

where:

kw¼ qwaf,

aw¼ coefficient related to the stirrups form, and

aw¼ 1.0, 2.05, and 3.0 to normal, spiral, and composite

stirrups, respectively.

ULTIMATE LOAD POINT Fu AND Du

Ultimate load is defined as the maximum load decreased by

15 %; that is, Fu¼ 0.85Fmax.

When ultimate load decreased 10 %, ductility factor can be

determined as follows [19]:

u0cu ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 30awkw
p

0:045þ 1:75n
(12)

The following formula can be obtained after geometric

conversion

ucu ¼ 1:5u0cu � 0:5uu(13)

COMPARISON OF EXPERIMENTAL AND

THEORETICAL VALUES

A comparison of the theory value of the specimen skeleton

curve characteristic calculated by Eqs 4–13 and experimental

values is listed in Table 4.

As can be seen from Table 4, the average ratio of experi-

mental value to theoretical value of yield load, yield displace-

ment ratio are 1.20, 1.15, and discrete coefficients are 0.09, 0.06.

The average ratio of experimental value to theory value of peak

load, peak displacement ratio are 1.35, 1.27, and discrete coeffi-

cients are 0.05, 0.09. The average ratio of experimental value to

theory value of ultimate load, ultimate displacement ratio are

FIG. 18 Theory skeleton curve model.
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1.35, 1.21, and discrete coefficients are 0.05, 0.04. Theoretical

values seem to agree well with experimental results.

Conclusions

An experimental study was conducted on four HRBF400 RC

columns’ compression-bending cyclic loading influence of rein-

forcement strength, concrete strength, axial compression ratio,

and volumetric stirrup ratio to examine the seismic perform-

ance and ductility of HRBF400 RC columns. The results were as

follows:

1. HRBF400 RC columns’ hysteresis curves have the same
regulation with normal RC columns, and have good seis-
mic performance and energy dissipation capacity accord-
ing to experimental results.

2. Yield load and peak load increase with the increasing
of reinforcement ratio, and columns’ ductility increase
correspondingly. A column with a big axial compression
ratio has greater peak load, but decreases faster after peak
load and has lower ductility. A column with small axial
compression ratio has lower peak load, but decreases
slower after peak load and has better ductility. The com-
ponents’ ductility increases with the increasing of stirrup
ratio.

3. Theoretical value of a characteristic parameter calculated
by a restoring force model agrees well with experimental
results. This indicated that the given model could be
applied to engineering practice.
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ABSTRACT

Caissons are often used as the foundation of important structures. The sinking process of a

caisson has a significant effect on its serviceability. In this study, laboratory experiments and

numerical simulations were performed to study the macro- and meso-scale mechanical

behaviors of caissons during sinking. Earth pressures near the toe of the caisson during

sinking were measured. Particle movements and coordinate numbers were investigated to

explain the distribution of earth pressure on the caisson from the meso-scale viewpoint. The

region affected by the sinking process was fitted by a parabolic function. Soil arching and

rotation of principal stress were found to be the important mechanisms affecting the

mechanical behaviors of caissons during sinking. A numerical solution is proposed and is

shown to offer a good approximation of the earth pressure on a caisson. The results of this

paper are supposed to be useful for the design and construction of caissons in practice.

Keywords

caisson, sinking, macro- and meso-scale, earth pressure

Introduction

A caisson is an underground structure and a type of deep foundation in geotechnical engineering.

Because of their stiffness, high structural strength, and good integrity, caissons are widely used as

foundations for large bridges. In recent years, several large bridges such as the Taizhou Bridge and

the Nanjing Forth Yangtze River Bridge have been constructed in China. Most of these large

bridges have caissons as the foundation of the main pier in suspension bridges or as the founda-

tion of the anchorage system in cable-stayed bridges. The sinking or construction process of a cais-

son can have a significant effect on the mechanical behavior of the completed caisson, which will

consequently influence the serviceability of the caisson as the foundation of a bridge. It is
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important to investigate the mechanical behavior of the caisson

and its interaction with the soil during the process of sinking.

In order to design and control the sinking of caissons in

practice, a lot of work has been done to study the mechanisms

and the mechanical behavior of caissons during sinking. Differ-

ent methods including field measurement, laboratory experi-

ments, and numerical simulation methods have been employed

by some researchers. In terms of field work, Chen et al. [1] per-

formed whole-process monitoring of a caisson during sinking.

The magnitude and distribution of the resistance force on the

caisson were investigated. Feng et al. [2] measured the resist-

ance force on the bottom of a caisson, the earth pressure on the

side of the caisson, and the structural stress of the caisson in the

anchorage foundation of the Taizhou Bridge. Zhu et al. [3,4]

utilized systematic measurement and monitoring of the caissons

in the Nanjing Forth Yangtze River Bridge and the Ma’anshan

Yangtze River Bridge to study the distribution of the resistance

force on caissons during sinking. Most of these field works indi-

cated that the earth pressure on the side of a caisson was much

more complex than and quite different from the result calcu-

lated using classical earth pressure theory. In terms of labora-

tory work, most of the research has focused on the suction

caisson rather than the common caisson. Hogervorst [5] per-

formed an experiment on a full-size suction caisson to study the

axial force and the side friction. Tjelta et al. [6] simulated the

sinking of a caisson using penetration experiments. Dyvik et al.

[7] investigated the stress of a caisson under static load and

cyclic load. Wang [8] explored the resistance force on a caisson

using a micro-penetrometer. Wang found that the development

of side friction had three stages during the sinking of the cais-

son. In the first stage, the side friction increased linearly with

increasing sinkage depth. In the second stage, the side friction

continued to increase, but the rate of increase slowed; at some

depth, it reached a maximum value. In the third stage, the side

friction decreased with increasing sinkage depth. Some

researchers simulated the behaviors of caissons using numerical

methods [9–11], but most of these numerical methods were

applied to suction caissons.

Although a lot of practical experiences have been achieved,

theoretical analysis has lagged behind practice. Some very sim-

ple methods are still used to design caissons. For example, the

side friction of a caisson is an important factor in controlling

the sinking of the caisson, but it is very difficult to predict it

accurately during sinking. Because of the complexity, classical

earth pressure theory is often used to calculate the side friction

for simplification in practical design. This often results in a sig-

nificant difference between the predicted value and the value

measured on site. This is one of the main reasons for some engi-

neering problems such as sudden sinking and the difficulty of

sinking at the site.

In this study, laboratory experiments were carried out and

numerical simulations were performed to study the macro- and

meso-scale mechanical behaviors of caissons during sinking.

The influence region of the caisson during sinking was investi-

gated. The earth pressure on the side of the caisson was ana-

lyzed. The earth pressure at the toe of the caisson was

measured. The macro-scale behaviors are revealed and

explained from the meso-scale viewpoint according to the parti-

cle displacement and the coordination number of the particles.

A new numerical solution to calculate the earth pressure on the

side of a caisson is proposed and shown to be able to give a bet-

ter result than the classical method.

Laboratory Experiment

EXPERIMENT METHOD

Considering the structural symmetry of a caisson under sym-

metric load, a half-model was used in this study to facilitate the

observation of the behaviors of the caisson and the surrounding

soils. The half-model was designed to be 0.36m in length,

0.07m in width, and 0.48m in height. The caisson was made of

Plexiglas. A picture of the caisson model is shown in Fig. 1.

Taking the boundary effect in the experiment into consid-

eration, the size of the test box was 1m in length, 0.5m in

width, and 0.9m in height, such that the distance from the cais-

son to the test box was larger than the half-size of the model.

FIG. 1 Caisson in the experiment.
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The front face of the box was made of transparent Plexiglas of

2-cm thickness with a marked grid to facilitate monitoring of

the displacements of the caisson and the soils. The other three

sides of the box were made of steel plate with a thickness of

1 cm. A picture of the test box is shown in Fig. 2.

Standard test sand from Fujian Pingtan was used in this

work. The physical characteristics of the sand are listed in

Table 1. In the test, the box was filled with sand layer by layer. In

the concerned part, 6-cm-thick layers of common sand were

separated by 2-cm-thick layers of colored sand in order to mark

the deformation of the soil around the caisson. Each layer of

sand was weighted first and tamped to a given thickness to

ensure a specific void ratio.

During the sinking of the caisson, the earth pressure on the

wall of the caisson was measured using a mini strain earth pres-

sure cell with a measuring range of 0.1MPa. The setup of the

pressure cells is shown in Fig. 3. Because it is difficult to sink a

caisson using only its self-weight, a vacuum method was used to

excavate the soil from the inside of the caisson to help the cais-

son sink (simulating the soil excavation inside caissons in the

field). The vacuum was a small household vacuum cleaner (type

Secline-3201) with a power of 350W. After each 2 cm of

sinking, the sand was left to rest for 10min, and the earth

pressure was recorded after it became stable.

ANALYSIS OF THE EXPERIMENT RESULTS

A picture of the experimental setup after the caisson had fin-

ished sinking is shown in Fig. 4. The deformation of the soil

around the caisson can be observed through the colored sand. It

indicates that the soils around the caisson moved downward in

the shape of a funnel and flowed into the caisson from the toe

during the sinking of the caisson. The friction between the cais-

son and the soil and the consequent drag force on the adjacent

soil particles might have been the reason for the downward

movement of the particles outside the caisson, and the excava-

tion of the soil inside the caisson and the consequent pressure

difference between the outside and inside of the caisson might

have been the reason for the flow of the particles at the toe of

the caisson during sinking.

Earth pressures near the toe of the caisson at different sink-

age depths of the caisson were measured. The data from two

pressure cells (L1 and L2 in Fig. 3) are shown in Fig. 5. They

show that the earth pressure increased first, reached a peak

value at a sinkage depth of about 2/3 the height of the caisson,

and then started to decrease with increasing sinkage depth.

What are the reasons for this change in earth pressure near the

toe of the caisson during sinking? In the early stage of sinking,

the earth pressure near the toe of a caisson is mainly dependent

on the self-weight of the soil, which is linear with the depth.

With further sinking, there is a pressure difference at the toe of

the caisson caused by the excavation of soil inside the caisson.

The soil particles tend to flow from the outside to the inside of

the caisson. This flow of soil particles results in a loosened

region near the toe of the caisson. It is the loosened region that

causes the decrease in earth pressure near the toe. When the

sinkage depth is small, the mobility of soils above the toe of the

caisson is relatively large. The downward movement of the soil

particles compensates for the decrease in earth pressure in the

loosened region. When the sinkage depth is less than 2/3 the

FIG. 2 Test box with the caisson.

TABLE 1 Physical characteristics of Pingtan sand.

d50, mm Cu Cc Gs qmax, kg/m
3 qmin, kg/m

3 emax emin

0.34 1.542 1.104 2.643 1749 1430 0.848 0.519

FIG. 3 Setup of the earth pressure cells on the caisson.
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height of the caisson, the earth pressure near the toe of the cais-

son is mainly dependent on the depth of the soil. When the

caisson sinks more, the soil in the region above the toe goes into

a self-hold state because of the friction between the caisson and

the soil. Some researchers have considered this as soil arching

[12]. The mobility of the soil decreases, and the compensation

of the earth pressure from the downward movement of the soil

is weakened by the effect of the soil arching. At this stage, the

flow and the loosening effect of the soil near the toe play more

of a role, which causes decrement of the earth pressure. So, the

earth pressure near the toe of the caisson has different mecha-

nisms at different sinkage depths, and the behaviors of the soil

particles are the underlying physical cause of the change in the

earth pressure at the toe of the caisson.

Numerical Simulation

NUMERICAL MODELING

In order to explore the behaviors of the soil around the caisson

and the interaction between the caisson and the soil on a meso-

scale at the level of soil particle size, we used the discrete ele-

ment method (DEM) in this study to simulate the sinking pro-

cess of the caisson. The DEM is a numerical method that is

more suitable for discontinuous materials and large deforma-

tion problems than numerical methods based on continuous

methods such as the finite element method and the finite differ-

ence method. Using the DEM, the behaviors of the soil around

a caisson can be captured and the behavior of the caisson can

be revealed through the interaction of the caisson and the soil at

the meso-scale level. The specific implementation of the DEM

used here was “Particle Flow Code in Three Dimensions”

(PFC3D). Two types of objects may be used in particle flow

code, “balls” and “walls.” Balls are used to simulate the soil par-

ticles, and walls are used to simulate the caisson. As in the labo-

ratory experiment, the size of the half-model was 0.36m by

0.07m by 0.48m. Taking advantage of the symmetry of the cais-

son, we included only one-quarter of the caisson and the soil in

the numerical model to save computing time. In the main

affected region, the field of the soil was set to be 0.3m by 0.3m

by 0.6m. The average radius of the particles was 5mm, and

there were about 60 000 particles in total.

To minimize the effect of the boundaries, fast Lagrangian

analysis of continua in three dimensions (FLAC3D), based on

the finite difference method, was used to simulate the soils in

FIG. 4

Picture after the sinking of the caisson.

FIG. 5 Earth pressure near the toe of the caisson during sinking.
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the larger field around the soils in the DEM region. Beyond the

region of 0.3m by 0.3m by 0.6m of particles, a finite difference

grid of 1m by 1m by 2m was used to simulate the extended

soils around the caisson. In this way the effect of the boundary

was thought to be minimized. At the interface of the PFC3D

and FLAC3D regions on the plane where x¼ 0.3m, y¼ 0.3m,

and z¼�0.6m, Socket I/O was used to couple the two codes.

The coupled model with PFC3D and FLAC3D is shown in

Fig. 6.

In the coupled numerical model, linear contact mode was

used for PFC3D, and Mohr–Coulomb mode was used for

FLAC3D. The microscale parameters in PFC3D and the macro-

scale parameters in FLAC3D were carefully selected to make

sure the particle and finite difference grids in the two codes

could be coupled well as the same material. The main parame-

ters used in the coupled model are listed in Table 2. Before we

simulated the sinking of the caisson, the model was initialed

first to stabilize the coupling between PFC3D and FLAC3D and

reach an initial equilibrium state.

MOVEMENTS OF THE SOIL PARTICLES

The behaviors of soil and the interaction between the soil and a

caisson are significantly related to the mechanical characteristics

of the caisson. Problems such as the resistance force and the

affected area of the caisson during sinking can be revealed

through meso-scale analysis at the particle level. Contours of

the soil particle displacement at different sinkage depths of the

caisson are shown in Fig. 7.

It can be seen from Fig. 7 that the soil movements occurred

mainly in the regions near the wall of the caisson, at the toe of

the caisson, and under the bottom of the caisson. During sink-

ing, the caisson moved downward relative to the surrounding

soil. Friction existed between the soil and the wall, and conse-

quently the soil particles adjacent to the caisson were dragged

downward. At the toe and bottom of the caisson, because of the

excavation of the soil inside the caisson, there was a stress dif-

ference between the inside and outside of the caisson. This

stress difference caused the flow of soil particles from the out-

side to the inside. At the same time, heaving of the soil occurred

at the bottom of the caisson because of the unloading by excava-

tion. The area of the affected region grew with increasing sink-

age depth. At some sinkage depth, the affected region at the

ground surface would become almost constant.

For the magnitude of the displacement of the soil particles,

in the horizontal direction, the closer the particle is to the cais-

son, the larger the particle displacement is. In the vertical direc-

tion, the particle displacement decreases with increasing depth

from the ground. The vectors of the soil particle displacements

are shown in Fig. 8. Notice that the vectors in the figure are to

show the directions and relative magnitudes of the particle

movements. The length of the vector is only a relative magni-

tude, rather than the absolute magnitude of the particle dis-

placement. The caisson is considered to be a rigid body, and the

particle can never penetrate the caisson.

Figure 8 shows that according to the magnitude of the dis-

placement, the particle movements mainly occur within some

region. This region can be considered as the region affected by

the sinking process of the caisson. A curve like a sliding surface

in a retaining wall can be drawn to delineate the affected region

according to the magnitude and the direction of the particle

movements. After comparison with some functions such as

the exponential function and the polynomial function, the para-

bolic function was found to fit the curve better. The parabolic

function can be given as follows:

FIG. 6 Numerical model coupled with PFC3D and FLAC3D.

TABLE 2 Micro- and macro-scale parameters in the coupled model.

PFC3D d, mm Kn, kN/m Ks, kN/m Porosity Density, kg/m3 u, deg

10 5 �103 6.25 �102 0.41 2000 27

FLAC3D c K, MPa G, MPa Porosity Density, kg/m3 u, deg

0 9.11 4.2 0.41 2000 27
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x ¼ f ðyÞ ¼ k cot b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2 � Hy

p
(1)

where:

x¼ horizontal distance from the caisson,

y¼ depth from ground level,

H¼ sinkage depth,

b¼ 45� þu/2,

u¼ internal friction angle of the soil, and

k¼ attenuation coefficient.

k can be calculated as

k ¼ expð�aH=BÞ(2)

where:

a¼ fitting coefficient, and

B¼width of the caisson.

From Eqs 1 and 2, it can be seen that the affected region is

mainly a function of the caisson width, the sinkage depth, and

the internal friction angle of the soil. According to Eq 1, x¼ 0

when y¼H, and x¼ kHcot b when y¼ 0. For a specific caisson

and soil, the values of B and b are given. The value of x, which

means the region that is affected by the sinking of the caisson at

some depth, is a function of k. In order to calculate k, one needs

to determine the value of a first. If the x values at y¼ 0 for dif-

ferent sinkage depths (H) are known, the value of a can be

back-calculated. Based on the results of our numerical simula-

tion, the x values at y¼ 0 (denoted by x0) for different H values

were measured. The value of a was calculated based on Table 3

and Fig. 9. From the fitting line in Fig. 9, the a value was calcu-

lated as 0.763. The fitting line has a correlation coefficient as

high as 0.972. By putting the value of a into Eq 1, we could

determine the boundary of the affected region.

The contours of the particle displacements with the fitting

curves according to Eq 1 at different sinkage depths are shown

in Fig. 10. The figure shows that the fitting curves approximate

the boundaries of affected regions well. This verifies the validity

of the proposed Eq 1. The evolution of the affected region can

be revealed if the curves are put in the same plot (Fig. 11).

When the sinkage depth is small, the value of H/B is small.

The attenuation coefficient k approaches 1. The affected area at

the ground level is approximately Hcot b. The boundary of the

affected region approximates a straight line. This agrees well

with the sliding surface according to classical Rankine’s earth

pressure theory. At this stage, although friction between the

caisson and the soil exists, the movements of the soil particles

FIG. 7

Contours of the soil particle displacement at

different sinkage depths.
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are mainly influenced by the flow of the soil from the outside to

the inside of the caisson. The flow of the soil particles weakens

the friction force on the soil particles. With increasing sinkage

depth, the values of H/B and k become smaller. The rate of

increase of the affected region at ground level decreases. It is

almost the same as when the sinkage depth is large. At this

stage, the friction between the soil and the caisson plays more of

a role in the movement of the particles.

EARTH PRESSURE ON THE CAISSON DURING SINKING

The earth pressures at the toe of the caisson at different sinkage

depths were obtained from the numerical simulation as shown

in Fig. 12. Compared with Fig. 5, Fig. 12 indicates that the trends

of the earth pressure from the numerical simulation and laboratory

experiment were similar. That is, the earth pressure increased with

increasing sinkage depth first. At a sinkage depth of about 2/3 the

height of the caisson, the earth pressure at the toe reached the

maximum value, and it started to decrease with further sinking.

For the distribution of the earth pressure on the caisson

after the completion of sinking, the pressures on the different

positions of the wall from the numerical simulation are shown

in Fig. 13. The figure indicates that the earth pressure increased

with increasing depth of the caisson. At some point, it reached a

maximum value and started to decrease with increasing depth.

Liu [13] performed in situ measurements of the earth pressure

on the walls of two caissons in a drainage work. The measured

earth pressures on the walls are shown in Fig. 14. It can be seen

that the trend of the earth pressure from the current numerical

simulation approximates that from the data measured in situ.

This indicates that the numerical simulation in this study is

valid and can be used to investigate the sinking process of a

caisson properly.

In order to investigate the mechanical characteristics of the

soil around the caisson during sinking, coordination numbers

of the surrounding soils were examined, and the contours are

shown in Fig. 15. The figure shows that the coordination num-

bers of the particles near the caisson decreased obviously with

the sinkage of the caisson. In the early stage of sinking, the exca-

vation of soil inside the caisson caused a flow of soil particles

from outside. This resulted in a loosened region near the caisson

and consequently a smaller coordinate number in this region.

The coordination number of the particles below the bottom of

the caisson also decreased. This was due to the heave of the

bottom because of the unloading with excavation. With further

sinking, the coordination number of particles near the upper

TABLE 3 Parameters for calculating a.

H, m cotb Hcotb, m H/B x0, m k aH/B

0.08 0.612 0.049 0.222 0.041 0.920 0.084

0.16 0.612 0.098 0.444 0.070 0.746 0.293

0.24 0.612 0.147 0.667 0.088 0.593 0.523

0.32 0.612 0.196 0.889 0.099 0.475 0.744

0.40 0.612 0.245 1.111 0.105 0.417 0.875

0.48 0.612 0.294 1.333 0.106 0.378 0.973

FIG. 9 Fitting line for a.FIG. 8 Vectors of the soil particle displacement.
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part of the caisson increased gradually. This might have been

due to the downward movement of the particles around the

caisson. These movements filled some voids because of the flow

of the particles. At the same time, because of the friction

between the soil and the caisson, the particles adjacent to the

caisson were dragged downward, but the particles far from the

caisson moved much less. The particles near the caisson pushed

the neighboring particles outward, which compacted the soils

and resulted in an increase in the coordinate number. This

reveals the phenomenon of soil arching [12].

According to the distribution of the coordinate numbers

around the caisson, the distribution of the earth pressure on the

caisson can be explained from a meso-scale perspective. Firstly,

the decrease in the coordinate number near the toe indicates the

flow of particles from outside to inside the caisson. This results

in a loosened region. The earth pressure in this region is less

than the earth pressure at rest, and maybe even less than active

earth pressure. Secondly, because of the effect of the soil

arching, there is a rotation of the major principal stress. As a

result, the earth pressure at the shallow part is greater than the

active earth pressure. Finally, with increasing depth, the effect

of soil arching decreases. At a depth of about 2/3 the height of

the caisson, the effect of soil arching becomes insignificant. The

earth pressure decreases and tends toward the active earth pres-

sure. At the toe of the caisson, because of the flow of the par-

ticles, the earth pressure might even be less than the active earth

pressure.

NUMERICAL SOLUTION TO THE EARTH PRESSURE ON

THE CAISSON

Earth pressure is a typical problem in retaining walls. Cou-

lomb’s theory and Rankine’s theory are the classical methods.

Terzaghi [14] conducted some experiments on large-scale

retaining walls and investigated the relationship between the

critical state of the soil and the movement of the retaining wall.

He confirmed that only when the movement of soil was big

FIG. 10

Affected regions with fitted curves at different

sinkage depths.
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enough and when shear failure occurred did the earth pressure

on the retaining wall approximate the value calculated accord-

ing to Coulomb’s or Rankine’s theory. Afterward, a lot of

researchers [15–17] did a lot of work on the distribution of

earth pressure on retaining walls. It is generally known that the

distribution of the earth pressure is different with different

movements of the retaining wall. For earth pressure on caissons,

some researchers concluded that the earth pressure distribution

is very similar to that on retaining walls according to the data

from in situ measurements of some large caissons. In the opin-

ion of the authors, the common thing between retaining walls

and caissons is that there is friction between the wall and the

soil. This friction will result in a rotation of the major principal

stresses (deviating from the vertical and horizontal directions).

Furthermore, the interaction between the soil and the caisson is

much more complex near the toe of the caisson.

COEFFICIENT OF EARTH PRESSURE

Handy [12] studied the redistribution of earth pressure due to

the rotation of the principal stress because of the friction

between a wall and soil. He considered this phenomenon as soil

arching. Two stages of the development of the arching were

proposed. The first one is the rotation of the principal stresses,

and the second is the decrease of the horizontal and vertical

stresses near the toe of the wall. Similarly, here, during the sink-

ing of the caisson, the soil exerted a friction force upward on

the caisson, and the caisson imposed a downward force on the

soil in reaction. This friction force resulted in the rotation of the

principal stresses and soil arching (Fig. 16).

FIG. 11 Evolution of the affected regions.

FIG. 12 Earth pressures near the toe of the caisson at different sinkage

depths.

FIG. 13 Earth pressures at different positions of the caisson.

FIG. 14 Measured earth pressures on the caissons from Liu [13].
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Assuming the soil adjacent to the caisson reaches a state of

critical equilibrium, because of the friction force between the cais-

son and the soil, the trajectory of the minor principal stress will be

an arch, which is termed the arch of minor principal stress (see

Fig. 16). From the Mohr circle of stress [18] (Fig. 17), the stresses on

the caisson (s, rh) can be calculated using the following equations:

s ¼ ðr1 � r3Þ sin h cos h(3)

rh ¼ s cot hþ r3(4)

where:

h¼ 45� þ d/2, and

d¼ friction angle between the caisson and the soil.

Substituting Eq 3 into Eq 4 gives

rh ¼ r1 cos
2 hþ r3 sin

2 h(5)

If Ka is defined as the principal stress ratio (r3/r1), the ratio

of the horizontal stress and the major principal stress can be

obtained from Eq 5.

K ¼ rh

r1
¼ cos2 hþ Ka sin

2 h(6)

Then, the ratio of the stresses in the horizontal and vertical

directions Kw (called the nominal earth pressure coefficient) can

be calculated as

Kw ¼
rh

rav
¼ 1

rav

r1

K(7)

FIG. 15

Contours of the coordination number at

different sinkage depths.

FIG. 16 Rotation of the principal stresses and soil arching.
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rav is the average vertical stress and can be calculated as

rav ¼ D
W
L
¼ cD

h
L

(8)

in which L is the horizontal distance from the boundary of the

affected region to the caisson.

According to Handy [12], if the friction angle between the

caisson and the soil (d) is thought to be the same as the internal

friction angle of the soil (u, which is usually between 10� and

40�), rav/r1 is usually 0.94 to 0.95. Then Kw can be approxi-

mately calculated as

Kw ¼
rh

rav
¼ 1:06K ¼ 1:06ðcos2 hþ Ka sin

2 hÞ(9)

NUMERICAL SOLUTION TO THE EARTH PRESSURE

According to the results from the numerical simulation and in

situ measurement (Figs. 13 and 14), the distribution of the earth

pressure on the caisson was quite different from that according

to the classical theory. The earth pressure was less at the toe of

the caisson, and it was greater than the active earth pressure

near the top. To capture these characteristics and give a better

approximation, a numerical solution to calculate the earth pres-

sure on the caisson was proposed based on the meso-scale anal-

ysis of the soil around the caisson. Two assumptions are

important for the given method: (1) the boundary of the

affected region is in the parabolic function in the form of Eq 1

derived previously, and (2) soil arching due to the friction

between caisson and soil is the main reason for this problem.

Figure 18 is a force analysis of a slice element of the soil

near the caisson. We took a slice with a thickness of dy at depth

of y from the ground surface. In Fig. 18, rav is the average verti-

cal stress on the top of the slice, ravþ drav is the average vertical

stress on the bottom, rh is the horizontal stress on the slice, s1
is the friction between the caisson and the slice, r is the reaction

force perpendicular to the boundary of the affected region, s2 is

the friction between the sliding soil slice and the stable soil, and

dW is the gravity of the soil slice.

According to Fig. 18, the static equilibrium of the force in

the horizontal and vertical directions can be calculated as

rh þ s2 cotwdy � rdy ¼ 0(10)

ravxþdW�ðravþdravÞðxþdxÞþ s1dy� s2dy� rdycotw¼ 0
(11)

where:

dW¼ cxdy,

rh¼Kwrav,

s1¼ rhtan d,

d¼ friction angle between the caisson and soil that is

approximated to the soil internal friction angle (u),

s2¼ rtan w,

w¼ angle between the boundary of the affected region and

the horizontal line, and

cot w¼ f 0(y) if the boundary of the affected region is

assumed to follow Eq 1.

If we combine Eqs 10 and 11 and neglect the second order

terms,

drav

dy
¼ cþ rav

f ðyÞ �f
0ðyÞ þ Kw tan d� Kw tanu

1þ tanuf 0ðyÞ

�

þ f 0ðyÞKw

1þ tanuf 0ðyÞ

�
(12)

Equation 12 is a complex differential equation. The modi-

fied Euler equation was used in this study to get the numerical

solution for rav. Then, the earth pressure on the caisson could

be calculated as

rh ¼ Kwrav(13)

The distribution of the earth pressure on the caisson calcu-

lated according to Eq 13 was compared with the results from

the numerical simulation and from the calculation according to

the classical earth pressure theories as shown in Fig. 19.

FIG. 17 The Mohr circle of stress with friction force. FIG. 18 Force analysis of a soil slice near the caisson.
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Figure 19 shows that when the relative depth (the ratio of

the depth to the height of the caisson) was less than 0.6, the

earth pressure on the caisson increased with increasing depth.

The values from both the numerical simulation and Eq 13 are

greater than the earth pressure at rest and the active earth pres-

sure from Rankine’s theory, and the numerical solution from

Eq 13 is closer to the numerical simulation results. This indi-

cates that the numerical solution offers a better approximation

of the earth pressure on the caisson.

When the relative depth was more than 0.6, there was an

inflexion point, and the earth pressure started to decrease with

increasing relative depth. The values started to deviate from the

numerical solution value from Eq 13 and tend toward the active

earth pressure and values even less than that. The flow of the

particles near the toe and the loosening effect in this region dis-

cussed previously might be the main reasons for the complexity

of the stress state around the toe. This indicates that the numer-

ical solution from Eq 13 is proper when the relative depth is less

than 0.6 but is invalid when it is more because of the complex

state near the toe of the caisson.

The earth pressure on the caisson is closely related to the

resistance force on the caisson during its construction and its

workability in its service state. So, a reasonable and accurate cal-

culation of the earth pressure is important for the design and

construction of the caisson.

Conclusions and Discussion

Laboratory experiments and numerical simulations were per-

formed to study the sinking process of a caisson. Macro- and

meso-scale mechanical behaviors of the caisson and the sur-

rounding soils were investigated. The main conclusions are as

follows.

Deformation and flow of the soil around the caisson were

revealed in the laboratory experiment. The earth pressures near

the toe of the caisson during sinking were measured and found

to increase with sinking depth, but they started to decrease at

the inflexion point at a relative sinkage depth of about 2/3 of

the caisson height. The flow of the soil particles from outside to

inside the caisson and the resulting loosened region near the toe

are thought to have had a dominant effect on the distribution of

the earth pressure on the caisson during sinking.

The discrete element method (DEM), coupled with the fi-

nite differential method, was used to simulate the sinking pro-

cess of the caisson. Particle movements of the soil around the

caisson were investigated and compared with the results from

the experiment. The function of the boundary of the affected

region was proposed based on the movements of the soil par-

ticles. The earth pressures on the caisson were obtained from

the numerical simulation and compared with the data from the

laboratory experiment and the in situ measurements reported

in the literature. The evolution of the coordinate number of the

soil particles around the caisson was explored. The phenom-

enon of soil arching was revealed and used to explain the distri-

bution of the earth pressure on the caisson.

The friction between the caisson and the soil and the conse-

quent rotation of principal stress were used to explain the phe-

nomenon of soil arching. A numerical solution to calculate the

earth pressure on the caisson based on the function of the

affected region boundary and soil arching theory was proposed.

The results were compared with those from the numerical sim-

ulation and the classical theory. It was shown that the numerical

solution offers a better approximation of the earth pressure on

the caisson. This is useful for the design and construction of

caissons in practice.

ACKNOWLEDGMENTS

This work was financially supported in part by the National Na-

ture Science Foundation of China (Grant No. 51079030) and

was part of a project funded by the Priority Academic Program

FIG. 19

Earth pressure on the caisson with different methods.

Journal of Testing and Evaluation374

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



Development of Jiangsu Higher Education Institutions (Grant No.

CE01-2-08). The writers express appreciation to the editor and

anonymous reviewers for their valuable comments and suggestions.

References

[1] Chen, X. R., Qian, P. Y., and Zhang, Z. Y., “Study on Pene-
tration Resistance Distribution Characteristic of Sunk Shaft
Foundation,” Chin. J. Geotech. Eng., Vol. 27, No. 2, 2005,
pp. 148–152.

[2] Feng, Z. X., Wang, J. G., and Wang, J., “Security Monitoring
Technology of the Caisson Foundation of Anchorage in Con-
struction,” Chin. J. Eng. Sci., Vol. 12, No. 4, 2010, pp. 68–72.

[3] Zhu, J. M., Gong, W. M., and Mu, B. G., “Sinking Safety
Monitoring Research on North Anchorage Caisson of the
Forth Nanjing Yangtze-River Bridge,” Chin. J. Build.
Struct., Vol. 31, No. 8, 2010, pp. 112–117.

[4] Zhu, J. M., Gong, W. M., and Mu, B. G., “Stress Monitor-
ing of Bottom Steel Plate of the South Anchorage Caisson,
Ma’anshan Changjiang-River Bridge,” Chin. J. Lanzhou
Univ. Nat. Sci., Vol. 47, 2011, pp. 255–258.

[5] Hogervorst, J. R., “Field Trials With Large Diameter Suc-
tion Piles,” Proceedings of the 12th Annual Off-Shore Tech-
nology Conference, Houston, TX, May 5th, Program
Committee of the Offshore Technology Conference of the
Coasts, Oceans, Ports, and Rivers Institute of ASCE,
Reston, VA, 1986, pp. 201–212.

[6] Tjelta, T. I., Guttormsen, T. R., and Hermstad, J., “Large
Penetration Test at a Deepwater Site,” Proceedings of the
18th Annual Off-Shore Technology Conference, Houston,
TX, May 5–8, 1986, pp. 201–212.

[7] Dyvik, R., Anderson, K. H., and Hansen, S. B., “Field Tests
on Anchors in Clay,” J. Geotech. Eng., Vol. 119, No. 10,
1993, pp. 1515–1531.

[8] Wang, Y., 2011, “Study on Distribution Pattern of Load in
Process of Large Caisson Sinking,” M.Sc. thesis, Southeast
University, Nanjing, China.

[9] Handayanu, Swamidas, A. S. J., and Booton, M., “Behavior
of Tension Foundation for Offshore Structures Under
Extreme Pull-out Loads,” Proceedings of the 18th Interna-
tional Conference on Offshore Mechanics and Arctic Engi-
neering, St. Johns, NF, Canada, Jul. 11–16, OMAE99, 1999,
pp. 635–641.

[10] Sukumaran, B., McCarron, W. O., Jeanjean, P., and Abou-
seeda, H., “Efficient Finite Element Techniques for Limit
Analysis of Suction Caissons Under Lateral Loads,” Com-
put. Geotech., Vol. 24, 1999, pp. 89–107.

[11] Cao, J., Phillips, R., Popescu, R., Audibert, J. M. E., and
Al-Khafaji, Z., “Numerical Analysis of the Behavior of
Suction Caissons in Clay,” International Journal of Off-
shore and Polar Engineering, 2003, Vol. 13, No. 2, pp.
154–159.

[12] Handy, R. L., “The Arch in Soil Arching,” J. Geotech. Eng.,
Vol. 111, No. 3, 1985, pp. 302–318.

[13] Liu, Q., 2010, “Study for the Lateral Earth Pressure of
Open Caisson Structure,” M.Sc. thesis, Xi’an University of
Architecture & Technology, Xi’an, China.

[14] Terzaghi, K., “A Fundamental Fallacy in Earth Pressure
Computations,” Boston Soc. Civ. Eng. J., Vol. 23, No. 2,
1936, pp. 71–88.

[15] Fang, Y., Chen, T., and Wu, B., “Passive Earth Pressures
With Various Wall Movements,” J. Geotech. Eng., Vol.
120, No. 8, 1994, pp. 1307–1323.

[16] Zhang, J. G., 2002, “Centrifugal Model Test Study on the
Soil Pressure and Deformation of Retaining Wall With
Equilibrator,” M.Sc. thesis, Southwest Jiaotong University,
Chendu, China.

[17] Yuan, J., Gu, R. G., and Fang, Y. G., “Model Test Research
on Earth Pressure of Underground Retaining Wall of Con-
ventional Island in a Nuclear Power Station,” Chin. J. Rock
Mech. Eng., Vol. 31, No. 1, 2012, pp. 3370–3376.

[18] Jiang, B., 2005, “Studies on Soil Arching Effect and Earth
Pressure for Retaining Structure,” Ph.D. Sc. thesis,
Zhejiang University, Hangzhou, China.

ZHAO ET AL. ON SINKING BEHAVIOR OF CAISSONS 375

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



Changjie Xu,1,2 Qizhi Chen,3 and Qingsong Feng4

Bearing Capacity Estimation of Soil Under
a Constructed Building by Rayleigh
Wave Method

Reference

Xu, Changjie, Chen, Qizhi, and Feng, Qingsong, “Bearing Capacity Estimation of Soil Under a Constructed

Building by Rayleigh Wave Method,” Journal of Testing and Evaluation, Vol. 43, No. 2, 2015, pp. 376–

384, doi:10.1520/JTE20140039. ISSN 0090-3973

ABSTRACT

It is always difficult to test the bearing capacity of soil under constructed buildings. Thus,

the adoption of the Rayleigh wave method to address this problem is investigated in this

study. The fundamental of the Rayleigh wave velocity method in geological engineering is

initially presented. The in situ shear wave velocity can be obtained by Rayleigh wave

method. Rayleigh wave velocity and soils static load tests are conducted on several different

kinds of soil. Thus, the fitting formula between shear wave velocity and soil bearing capacity

under specific soil conditions is determined. A reconstruction engineering project that uses

the Rayleigh wave velocity method to test the bearing capacity of soil under a constructed

building is then studied. Rayleigh wave velocity tests are conducted based on this fitting

formula to analyze the soil bearing capacity. The reconstruction is proven to be successful

by settlement observation. The fitting formula between shear wave velocity and soil bearing

capacity are probably different for various kinds of soil. Therefore, the application of the

wave velocity test method in detecting the soil bearing capacity of a constructed building

has to be studied before it can be popularized.

Keywords

soil bearing capacity, Rayleigh wave method, constructed building, nondestructive examination

Introduction

The bearing capacity determination of a soil layer under a foundation is of vital importance in

geotechnical engineering. In practice, the static load test is always conducted to test the bearing

capacity of foundation soils. However, this approach is time consuming and costly. As such, in
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situ determination of shear wave velocity can be an alternative

in the characterization of bearing capacity of foundation soil.

The in situ shear wave velocity (VS) can be measured

directly by placing two sensors in separate bore holes (cross

hole method) or in a single bore hole with one of them being

buried at depth and the other at the ground surface (down

hole method). The shear wave velocity can also be evaluated by

Rayleigh wave method. The velocity of Rayleigh wave has been

used for a long time to provide information on the elastic prop-

erties of soils and pavements, since the measurements are made

at the ground surface without the need of borings or intrusion

in the soil. Thus, Rayleigh wave method is a nondestructive in

situ testing method. One important feature of Rayleigh wave

method is the predominance of the Rayleigh wave at the surface

when generated by a vertical source.

The Rayleigh wave was first predicted in 1885 by John

William Scott (Lord Rayleigh) [1]. Later on, the propagation

characteristic of the Rayleigh wave in elastic half-space media

was revealed [2–5]. Rayleigh waves are surface waves that travel

along a free surface, such as the earth–air interface or the

earth–water interface, and are usually characterized by relatively

low velocity, low frequency, and high amplitude [6]. In the 20th

century, particularly during the 1950s, the dispersion of the

Rayleigh wave was determined by several scientists. Nazarian

and Stokoe [7] studied the Rayleigh wave signal measured dur-

ing a field test and formulated the spectral analysis of surface

waves (SASW) method. Near-surface shear wave velocity can be

obtained by inversing Rayleigh wave phase velocity. In China,

Wu and his colleagues [8–12] conducted many researches on

the SASW method, and Wu wrote a book in Chinese entitled

Wave in the Soil Medium in 1996 [13]. In this book, several

problems concerning Rayleigh wave exploration were solved.

The SASW method has been applied in numerous engineering

projects. At present, the SASW method is applied underwater

[14]. In 1999, Xia et al. [15] developed a new Rayleigh wave

inversion method for estimating shear wave velocity near the

surface, which is an effective improvement of the SASW

method. According to his research in 2002 and 2012 [16,17],

quality factors of near-surface materials can also be obtained

by using constrained inversion of attenuation coefficients of

high-frequency Rayleigh waves.

In the present work, the fundamentals of Rayleigh wave

method are described. A relationship exists between foundation

soil bearing capacity and shear wave velocity depending on sev-

eral field tests; thus, the soil bearing capacity of constructed

buildings can be determined by wave velocity.

Fundamentals of the Rayleigh

Wave Method

The Rayleigh wave method is a wave velocity test method. The

traditional wave velocity test method requires drilling holes in

the ground, which causes damage to the foundation, particularly

in constructed buildings. Therefore, the application of the

traditional method is limited. The Rayleigh wave method is a

nondestructive testing method that can be used on constructed

buildings.

Body waves (compression and shear waves) and surface

waves (Rayleigh and Love waves) will be generated in soil when

the surface of a uniform half space elastic soil system is sub-

jected to a vertical load excitation. Rayleigh wave is the most

important wave of the surface waves.

Most of the surface wave energy exists within one wave-

length of depth. In layered media, the propagation velocity of

surface wave depends on the frequency (or wavelength) of the

wave because waves of different wave lengths sample different

parts of the layered medium. For example, high-frequency

(short wavelength) waves propagate only in the near-surface

layers and low-frequency waves with longer wavelengths propa-

gate through deeper layers as well as the near-surface layers.

Therefore, by using surface waves over a wide range of frequen-

cies, one can effectively sample different portions of the material

profile.

If a disturbance occurs on the surface of an elastic semi-

infinite body, then vertical ground displacements caused by the

Rayleigh wave are significantly larger than displacements caused

by compression and shear waves. The disturbance amplitude

decreases with the increasing distance. If sensors are located

appropriately from the source and the magnification of the test

system is reduced, then the signal from the equipment will

primarily be a Rayleigh wave signal when the ground under a

vertical pulse loads. The SASW testing procedure was designed

to minimize the contribution of higher modes and thus assumes

that the Rayleigh waves which propagate at the surface belong

only to the fundamental mode.

The Rayleigh wave method consists of three steps; field test-

ing, evaluation of dispersion curve by phase unwrapping

method, and determination of shear wave velocity profile by

inversion process. The first two steps are straightforward tasks

which have been to a great extent automated.

The principle diagram of the Rayleigh wave method is

shown in Fig. 1. Sensors 1 and 2 receive the vertical component

of the wave signal when the ground is subjected to a vertical

load excitation. The auto-power spectra of signals 1 and 2 are

obtained from the vertical component of the wave signal via

FIG. 1 The schematic of the spectral analysis of surface waves method.
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spectral analysis. The cross-power spectrum, transfer function,

and coherence function between signals 1 and 2 are also

obtained in the same manner. If the linear spectrum of signal 1

is Sx fð Þ and the linear spectrum of signal 2 is Sy fð Þ, then the

auto-power spectra are as follows:

Gxxðf Þ ¼ Sx fð ÞS0xðf Þ(1)

Gyyðf Þ ¼ Sy fð ÞS0yðf Þ(2)

where S
0
xðf Þ and S

0
yðf Þ are the conjugate complex numbers of

Sx fð Þ and Sy fð Þ. The cross-power spectrum between signals 1

and 2 is given as follows:

Gyxðf Þ ¼ Sy fð ÞS0xðf Þ(3)

The phase of Gyxðf Þ indicates the phase difference caused

by the time lag during wave propagation. According to vibra-

tion theory, the corresponding time when the phase turns 360�

is termed T. The time spent by the Rayleigh wave spreading

from sensor 1 to sensor 2 is calculated by phase difference /, as

follows:

t ¼ /
360

T(4)

or

t ¼ /
360f

(5)

The distance between the two sensors is known as x. The

wave propagation path along the two sensors is a straight line.

Therefore, the Rayleigh wave velocity can be expressed as

follows:

VR ¼
360f
/
� x(6)

A relationship also exists among wave velocity, wavelength,

and frequency in an elastic medium, as follows:

LR ¼
VR

f
(7)

By substituting Eq 6 into Eq 7, we obtain Eq 8.

LR ¼
x � 360

/
(8)

The dispersion of surface wave will not occur in the

homogeneous elastic half space. The equation of Rayleigh wave

velocity can be written as follows:

VR

VS

� �6

�8 VR

VS

� �4

þ 24� 16
V2
S

V2
P

� �
VR

VS

� �2

�16 1� V2
S

V2
P

� �
¼ 0

(9)

The velocity of compression wave and the velocity of shear

wave have following relations:

VP

VS
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kþ 2G

G

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1� lð Þ
1� 2l

s
(10)

Substitute Eq 10 into Eq 9:

V2
R

V2
S

� �3

�8 V2
R

V2
S

� �2

þ8 2� l
1� l

V2
R

V2
S
� 8
1� l

¼ 0(11)

The solution of this cubic equation depends on the Pois-

son’s ratio of the material. Rayleigh wave velocity VR is related

to shear wave velocity VS of the material by Poisson’s ratio l.

The approximate equation is shown as flows:

VR �
0:862þ 1:14l

1þ l
VS(12)

where l is Poisson ratio.

Therefore, if the VR of a uniform layer of soil has been

measured, the shear wave velocity VS can be easily determined.

For a non-uniform or layered soil system, dispersion of surface

wave will occurs. Dispersion means Rayleigh wave velocity

varies with frequency f; which forms the theoretical basis of the

SASW test method. The overall objective of SASW test is to

measure Rayleigh wave dispersion curve. Rayleigh wave disper-

sion curve can be determined from Eqs 6 and 8. Moreover,

shear wave velocity profile is then obtained through inversion

of dispersion curve. Inversion of the Rayleigh wave dispersion

curve of a site provides information on the variation of shear

wave velocity with depth. A lot of studies developed many dif-

ferent inversion methods for estimating shear wave velocity

[8,9,11,15]. The detailed description of the inversion method

will not be listed in this passage.

Elastic dynamics theory states that the shear wave velocity

in a solid medium is a function of the density and elastic con-

stant of the medium. The dynamic shear modulus in an elastic

isotropy infinite medium is given as follows:

G ¼ qV2
S(13)

where q is the medium density.

We conclude from the preceding formula that a relation-

ship exists between shear wave velocity and the mechanical

properties of the medium. Medium mechanical properties are

calculated by determining the shear wave velocity.

Several field tests are carried out by many researchers

over the world to find out the relationship between shear wave

velocity and the mechanical properties of soil. According to a

Japanese book entitled Soil Survey Method [18], a relationship

between blow count of SPT and shear wave velocity is given as

follows:
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VS ¼ ANB
63:5(14)

where A and B are dependent on the soil properties.

In this passage, a comparative study is carried out on the

field test. The static load test and the Rayleigh wave method are

conducted on several different kinds of soil to find the relation-

ship between the foundation soil bearing capacity and the shear

wave velocity. A fitting formula is given depending on the

results of field tests.

Engineering Project Background

A four-story flat had been constructed for three years. A natural

shallow foundation is used for this building. The foundation

investigation report states that the characteristic value of the

foundation bearing capacity is 120 kPa. The soil below this

building can be divided into miscellaneous fill and gravelly soil.

The thickness of miscellaneous fill is about 1m. The thickness

of gravelly soil is between 7 and 17ms. Grain diameter of gravel

soil is among 10 and 70mm. The compression modulus of

gravel soil is 16.2MPa.

An additional two floors are requested for this building.

Therefore, according to calculation, the characteristic value of

the foundation bearing capacity should be 150 kPa or higher.

The foundation of the constructed building is difficult to rein-

force because it is a shallow foundation. Reconstruction can

proceed depending on the reappraisal of the characteristic value

of the foundation bearing capacity. In order to determine the

value of foundation bearing capacity, a comparative study is

carried out on field tests.

Comparative Study on Field Tests

The static load tests and the Rayleigh wave method are con-

ducted on the undisturbed soil near the constructed building to

determine the statistical law between shear wave velocity and

foundation soil bearing capacity.

Twenty eight groups (S1# to S28#) of contrast tests are per-

formed. S1# to S28# are different measured points of Rayleigh

wave method near the building. The arrangement plan is shown

in Fig. 2. The measured points are arranged in line 20ms away

from the constructed building. The distance between each

measured point in the line is 4ms.

Static load test is time-consuming and costly. Only ten

groups of static load tests are conducted. Theses ten measured

points are pointed out in Fig. 2.

The settlement of three of these points is shown in Fig. 3

and Table 1. They are S9#, S11# and S25#. The settlement results

of other points are not listed in this passage. The area of the

test board is 1.0 m2. The length of each side of the test board

is 1m.

The maximum load of the static load test is 300 kPa. The

results indicate that the ultimate bearing capacity of each meas-

ured point is no less than it. The settlements of each measured

point are 22.12, 18.32, and 12.45mm, respectively, when the

load is 300 kPa. Too much settlement or differential settlement

will be harmful to a constructed building. So in this passage, the

characteristic value of the soil bearing capacity is defined as

the value of the load when the settlement is 12mm. Therefore,

the characteristic value of the soil bearing capacity of S9#, S11#,

and S25# are 170, 194, and 291 kPa, respectively. The character-

istic values of the soil bearing capacity of the other measured

points are obtained in a similar manner. The characteristic

values of the soil bearing capacity of the unmeasured points are

obtained by interpolation method. Their data are provided in

Table 2.

The Rayleigh wave method is then applied to the measured

points, and the dispersion curve of the Rayleigh wave is

obtained from the test. The dispersion curve of the Rayleigh

wave is shown in Fig. 4. The inverse analysis method is then

applied to determine the shear wave velocity. The average shear

FIG. 2 Arrangement plan of measured points.

FIG. 3 Settlements of the static load test (S9#, S11#, S25#).
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wave velocity is obtained according to Fig. 5. This value only

considers a depth of within 4m because the influence depth of

the static load test is always within this range. The average

velocities of S9#, S11#, and S25# are 308.45, 360.96, and

388.12m/s, respectively. The shear wave velocities of the other

measured points are obtained in a similar manner. Their data

are provided in Table 2.

The curve of shear wave velocity squared and soil bearing

capacity is shown in Fig. 6. It is obviously a linear relation

between VS
2 and P. The statistical law between shear wave ve-

locity and bearing capacity is then obtained from the results of

S1# to S27#. The fit curve is shown in Fig. 6, and the fitting for-

mula is given as follows:

P ¼ AV2
S þ B(15)

Factor A and B can be obtained by least square method.

A ¼

X
V2
SiPi �

X
V2
Si

� � X
Pi

� �.
n

X
V4
Si �

X
V2
Si

� �2.
n

(16)

B ¼ P � AV2
S ¼

1
n

X
Pi �

1
n

X
V2
Si

� �
A(17)

The data listed in Table 2 are submitted into Eqs 16 and 17

to calculate A and B. A is 0.00282 and B is �146.480. The stand-
ard error of A is 1.611� 10�4 and the standard error of B is

22.283, which means the fitting formula may be suitable for this

kind of soil.

P ¼ 0:00282V2
S � 146:480(18)

TABLE 1 Settlement of static load tests (S9#, S11#, S25#).

The Corresponding Settlement (mm) The Cumulative Settlement (mm)

Load (kN) Duration (min) The Cumulative Duration (min) S9# S11# S25# S9# S11# S25#

0 0 0 0.00 0.00 0.00 0.00 0.00 0.00

60 60 60 2.78 3.31 2.18 2.78 3.31 2.18

90 60 120 2.20 2.32 1.95 4.98 5.63 4.13

120 60 180 2.12 2.31 1.00 7.10 7.94 5.13

150 60 240 1.62 2.37 1.10 8.75 10.31 6.23

180 60 300 2.20 2.40 0.88 10.95 12.71 7.11

210 60 360 2.25 2.44 0.90 13.20 15.15 8.01

240 60 420 2.34 2.54 1.50 15.54 17.69 9.51

270 60 480 1.11 2.49 1.34 16.65 20.16 10.85

300 60 540 1.67 1.96 1.60 18.32 22.12 12.45

240 30 570 �0.28 �0.57 �0.25 18.04 21.55 12.2

180 30 600 �1.36 �1.28 �1.15 16.68 20.58 11.05

120 30 630 �1.15 �3.07 �1.24 15.53 17.21 9.81

60 30 660 �2.84 �3.51 �1.62 12.69 13.7 8.19

0 60 720 �4.06 �3.56 �2.06 8.63 10.14 6.13

TABLE 2 Results of field tests (S1# to S28#).

Measure Point Soil Bearing Capacity (kPa) Shear Wave Velocity (m/s) Measure Point Soil Bearing Capacity (kPa) Shear Wave Velocity (m/s)

S1# 287 395.39 S15# 237 364.52

S2# 269 382.42 S16# 242 367.32

S3# 251 370.42 S17# 246 375.43

S4# 233 369.65 S18# 251 379.39

S5# 215 362.36 S19# 255 372.74

S6# 204 343.34 S20# 259 374.59

S7# 193 357.35 S21# 262 379.79

S8# 181 346.84 S22# 266 382.12

S9# 170 332.56 S23# 269 386.95

S10# 168 333.42 S24# 303 402.36

S11# 194 360.96 S25# 291 388.12

S12# 220 362.24 S26# 279 387.32

S13# 246 369.93 S27# 267 379.98

S14# 272 384.23 S28# 255 378.43
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The data from S28# is substituted into this fitting formula

Eq 18 to check the veracity. The calculated result is 257 kPa,

which is very close to the measured data of 255 kPa.

Then, several similar field tests are carried out on different

fields where the soil is different from the previous one. These

field tests are constructed to test the correctness of Eq 15 and to

find the relationship between soils properties and the factor A

and B.

Twelve groups (C1# to C12#) of contrast tests are per-

formed in Western of Hangzhou, China. The soils in this area

can be divided into clay and silty clay. According to the geologi-

cal survey report, the compression modulus of clay and silty

clay are 4.3 and 6.1MPa, respectively.

Another twelve groups (F1# to F12#) of contrast tests are

performed in Eastern of Hangzhou, China. The soils in this area

are mainly floury soil. The geological survey report shows that

the compression modulus of floury soil is 8.5MPa.

The characteristic value of the soil bearing capacity and the

shear wave velocities of these measured points are obtained in a

similar manner as previous one. Their data are provided in

Tables 3 and 4.

The curve of the results of field tests (C1# to C12#) is shown

in Fig. 7. Obviously a linear relation also exists in this kind of

soil. Then the results of field tests are submitted into Eqs 16 and

17 to get A and B. A is 0.00118 and B is 46.560. The fit curve is

shown in Fig. 7, and the fitting formula is given as follows:

P ¼ 0:0118V2
S þ 46:560(19)

The standard error of A is 5.492� 10�5 and the standard

error of B is 2.569, which means fitting formula Eq 19 may be

suitable for this kind of soil.

Then the process is repeated with the results of field

tests (F1# to F12#). A linear relation also exists in floury soil

(see Fig. 8). The fitting formula is given as follows:

P ¼ 0:0157V2
S þ 78:713(20)

The value of A in Eq 20 is 0.0157, whose standard error is

1.164� 10�4. The value of B in Eq 20 is 78.713, whose standard

error is 8.687. The formula obtained from the results of field

tests (F1# to F12#) is capable for predicting the bearing capacity

of this kind of soil.

Thus, a conclusion can be drawn that Eq 15 is a good fitting

formula between soil bearing capacity and shear wave velocity.

Factor A and B which depended on the soil condition can be

obtained by field tests. The factor A and B is certain in a specific

kind of soil.

When taking Eqs 18, 19, and 20 into account, we can draw

a conclusion that factor A is concerned with the bearing

capacity. The value of Factor A in gravelly soil is much more

than the value of floury soil and clay. The soil bearing capacity

increases faster in gravelly soil when shear wave velocity

FIG. 4 The dispersion curve of the Rayleigh wave (S9#, S11#, S25#).

FIG. 5 The variations of shear wave velocities with respect to depth (S9#,

S11#, S25#).

FIG. 6 The fit curve of shear wave velocity squared and bearing capacity of

gravelly soil.
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increases. Factor Amay also be related to the compression mod-

ulus. A positive correlation existed between the value of factor

A and the compression modulus. A reasonable explanation is

that the shear wave velocity has a closely correlation with the

mechanical properties of the soil.

From the test results of three different kinds of soil, several

conclusions can be drawn:

1. Shear wave velocity generally increases with the increas-
ing of depth.

2. Shear wave velocity is mainly governed by soil skeleton,
so it is closely related to the bearing capacity of soil. Shear
wave velocity of gravelly soil is much higher than the
velocity of floury soil and clay on the same depth. Obvi-
ously, the bearing capacity of gravelly soil is much more
than the others. A positive correlation existed between
shear wave velocity and foundation bearing capacity.

3. The correlation between shear wave velocity and soil
bearing capacity can be obtained for different kinds of
soils. A fitting formula is given in Eq 15. The factor A and
B are different for different kinds of soils.

Constructed Building Wave

Velocity Tests

The Rayleigh wave method is then applied to the constructed

building. The measured points considered are S29# and S30#

which are shown in Fig. 2. S29# is on the southwest corner of

the building and S30# is on the northeast corner.

The dispersion curve of the Rayleigh wave is shown in

Fig. 9, whereas the relation curve of shear wave velocity and

depth is shown in Fig. 10.

TABLE 3 Results of field tests of clay and silty clay (C1# to C12#).

Measure Point Soil Bearing Capacity (kPa) Shear Wave Velocity (m/s) Measure Point Soil Bearing Capacity (kPa) Shear Wave Velocity (m/s)

C1# 95 205.84 C7# 125 259.60

C2# 83 181.29 C8# 94 203.22

C3# 72 141.43 C9# 118 244.25

C4# 136 272.31 C10# 79 157.49

C5# 82 168.59 C11# 96 209.48

C6# 114 228.48 C12# 89 199.86

TABLE 4 Results of field tests (F1# to F12#).

Measure Point Soil Bearing Capacity (kN) Shear Wave Velocity (m/s) Measure Point Soil Bearing Capacity (kN) Shear Wave Velocity (m/s)

F1# 212 309.12 F7# 278 343.56

F2# 153 200.26 F8# 206 294.61

F3# 252 327.54 F9# 143 185.53

F4# 133 194.59 F10# 212 278.43

F5# 168 254.93 F11# 162 232.13

F6# 191 265.42 F12# 149 219.87

FIG. 7 The fit curve of shear wave velocity squared and bearing capacity of

clay and silty clay. FIG. 8 The fit curve of shear wave velocity squared and bearing capacity of

floury soil.
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The average shear wave velocity is obtained according to

Fig. 10. The average velocities of S29# and S30# are 369.38 and

327.58m/s, respectively. The bearing capacities of S29# and

S30# are estimated using Eq 18, and the results are 238 and

156 kPa, respectively.

Therefore, adding two more floors to the constructed build-

ing is safe because the characteristic value of the foundation

bearing capacity is higher than 150 kPa. Then reconstruction

stared at Dec. 15, 2002.

Settlement Observation

Settlement observation is applied to this building when the

reconstruction began. Eighteen measure points are decorated

around the building as shown in Fig. 11.

Settlement observation is performed on the aforementioned

building. Observations are performed eight times during the

construction and service stages from Dec. 15, 2002 to Aug. 2,

2004. The time of observation is shown in Table 5.

The settlement of a portion of the measured point is

shown in Fig. 12. An obvious conclusion can be obtained that

the settlement increases with time. Settlement grows rapidly at

first and then becomes stable during service stage. The results

show that the maximum settlement is 13.3mm and the mini-

mum settlement is 7.5mm, which is acceptable and thus proves

FIG. 9 The dispersion curve of the Rayleigh wave (S29#, S30#) in

constructed site.

FIG. 10 The relation curve of shear wave velocity and depth (S29#, S30#) in

constructed site.

FIG. 11 Sketch map of settlement observation of the constructed building.

TABLE 5 Observation time and construction status.

1st 2nd 3rd 4th

Time December 2002 January 2003 March 2003 May 2003

Status Reconstruction began Construction Top off Decoration

5th 6th 7th 8th

Time July 2003 November 2003 April 2004 August 2004

Status Opened for occupancy Service Service Service

FIG 12 Results of settlement observation for a portion of the measured point

of the constructed building.
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that the reconstruction is successful. The maximum differential

settlement is 5.8mm, which will not cause crevices.

According to the results of constructed building wave

velocity tests, the soil bearing capacity on the southwest corner

of the building is much higher than on the northeast corner.

The results of settlement observation show nearly the same

tendency. The settlement values of T15 and T17 are much

higher than T7 and T8. On the other hand, the results of con-

structed building wave velocity tests are proved to be correct by

settlement observation.

Conclusions

The classical static load test for soil bearing capacity approach is

not only costly but also time consuming. The Rayleigh wave

method is a fast, economic, and effective method in bearing

capacity test comparing with conventional test method such as

static load test. Rayleigh wave method has many advantages

in testing the bearing capacity of soil especially under a con-

structed building. The most significant advantage of Rayleigh

wave method is that it costs no damage to the soil and the struc-

ture. In other words, Rayleigh wave method is a nondestructive

in situ testing method.

A typical engineering project is introduced in this paper.

Several comparative field tests are conducted using the static

load test and the Rayleigh wave method. The relationship

between shear wave velocity and soil bearing capacity is deter-

mined. The result of the aforementioned measurements

concludes that the Rayleigh wave method can be used in testing

the bearing capacity of soil under constructed buildings, and the

engineering project has validated this conclusion.

The statistical laws between shear wave velocity and foun-

dation bearing capacity are probably different for various

kinds of soil in different area. Therefore, the application of the

Rayleigh wave velocity test method in detecting constructed

building foundation soil bearing capacity needs to be further

studied before it can be popularized.
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ABSTRACT

This study aimed at proper characterization of the microstructure and unsaturated properties

of undisturbed red soil with white net-like veins from the Chenshan laterite section in

Xuancheng City, China. The chemical composition and micromorphology of the white veins and

red matrix were studied using a scanning electron microscope, an energy dispersive

spectrometer, and digital image processing. Then a series of soil–water characteristic curves

(SWCCs) and shear strength experiments were performed on undisturbed net-like red soils

using triaxial stress path testing, and empirical expressions commonly adopted for

geotechnical engineering applications were used to represent measured SWCCs. A detailed

comparison of microstructures in undisturbed soils and on failure planes was undertaken. The

results showed that the white veins and red matrix clearly appeared as distinct features at both

macro and micro levels. More quartz amassed in the white vein, and more intense depletion of

Fe oxide occurred in the red matrix. Measured SWCCs at drying and wetting behaved with

hydraulic hysteresis. Change in the axial strain did not match that in the volumetric strain. The

stress-strain curve obtained from the unsaturated triaxial shearing test showed the

characteristic of strain softening; the peak deviator stress increased with increments of the

confining pressure and suction. Pores less than 5 lm2 in size were much more common on the

shear failure plane than in the undisturbed soil, whereas pores larger than 50 lm2 were fewer.

The major axial angle of soil pores showed a dominant orientation after shearing. In addition,

the roundness and fractal dimension of pore outlines on the shear failure plane were greater

than those in the undisturbed soil. These results reveal that microstructure and suction play

important roles in the unsaturated mechanical behaviors of net-like red soil.
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Introduction

The Quaternary net-like red soil that is found widely in south-

ern China is also known as lateritic red earth, reticulate red clay

[1], or vermiculated red soil [2,3] and is characterized by mot-

tled or net-like white veins. It is a red paleosol and is usually

considered as a stratigraphic marker for its easy identification in

the field. Among red soil profiles, the Chenshan red soil

sequence located in Xuancheng City, Anhui Province, east

China, is famous because it is in a Paleolithic site of the early

humans. The profile is also a standard red earth profile and a

record of environmental change in the middle-late Pleistocene

in mid-lower reaches of the Yangtze River. However, previous

research on the profile focused mainly on particle size [4,5],

stratigraphy, age [6], and climate significance [7,8], and rarely

on microstructure and unsaturated mechanical behaviors. In

addition, to date, the original process of net-like red soils is con-

troversial [9–11]. In particular, the mechanism causing differen-

ces in composition and weathering degrees of the net-like vein

and the red matrix is still not known [12,13]. At the same time,

engineers are more willing to pay attention to unsaturated engi-

neering properties of net-like red soils on-site. Unfortunately,

there are few reports on the hydraulic and unsaturated behav-

iors of net-like red soils. In order to develop suitable design and

construction methods and ensure the safety of buildings

founded on net-like red soils, it is important to estimate prop-

erly the hydraulic and mechanical properties associated with

their microstructure characteristics.

Geotechnical properties of unsaturated soil are related not

only to the mineral composition, stress state, and compactness

[14–16], but also to the soil–water characteristic curve (SWCC)

and micro-level texture and structure [17–23]. Some researchers

have attempted to set up empirical formulas based on testing

[24,25] to describe the stress-strain relation of unsaturated soil.

Whalley et al. [26] examined the effects of altered matric poten-

tials and confining pressures on the shear wave velocities of

loamy sand and sandy clay. Hoyos et al. [27] introduced a

servo-controlled true triaxial apparatus to realize a wide range

of stress paths for unsaturated soils in a controlled-suction

manner. Kim et al. [28] examined the shear behaviors of satu-

rated and unsaturated soils via direct shear tests under a con-

stant volume condition. Meanwhile, some reports show that soil

macroscopic properties are related to microstructures [29–31].

However, so far there have been few reports on the mechanical

and hydraulic behaviors of reticulate red clay from the unsatu-

rated view. Although many studies have focused on the spatial

variability of red soil strength, few have attempted to find out

the microstructure’s effects on the unsaturated mechanical

behavior. This limits the understanding of microstructure evo-

lution and hydraulic properties and the applications of net-like

red soils in engineering practice. Obviously, quantification of

micromorphology is important for a thorough understanding of

the hydraulic properties and moisture transfer of unsaturated

net-like red soil. Previous studies have pointed out that digital

image processing (DIP) is a powerful tool for the characteriza-

tion of pore structure and microcracks [32,33], but few applica-

tions have been made regarding the pore characterization of

unsaturated net-like red soil via DIP on thin sections.

As mentioned above, soil scientists have paid much atten-

tion to the climate and environmental significance of net-like

red soil, but not to microstructure and unsaturated behaviors.

Additionally, the previous macro-mechanical research on

net-like red soil was performed mostly on saturated soils with tri-

axial tests or direct shearing tests. Unluckily, it is hard to under-

stand fully the engineering properties of unsaturated net-like red

soil using only saturated testing methods at the macro scale.

The objective of this study was to examine the microstruc-

ture and unsaturated mechanical behaviors of undisturbed net-

like red soils using scanning electron microscopy (SEM), energy

dispersive spectrometry (EDS), DIP, SWCCs, and triaxial tests.

This work will throw more light on macro–micro interactions

of hydraulic-mechanical properties and soil microstructures for

the justification of ground treatments.

Materials and Methods

TESTED MATERIALS

The soil samples were taken from the Chenshan laterite section

(118�5105000E, 30�5202400N) adjacent to the Zhaojiabian village

and located at the foot of northeast Chenshan Hill with an ele-

vation of 45m and a relative height of 25m. The red net-like

soil occurs mainly on the second terrace of the Shuiyang River,

a branch of the mid-lower reaches of the Yangtze River. The

area lies in a subtropical monsoon climatic zone with a mean

annual precipitation of 1000 to 1600mm and a mean annual

temperature of 15�C to 18�C. The Chenshan soil profile clearly

displays a layered structure with distinct color and texture as

shown in Fig. 1(a). The Chenshan section is composed of three

layers from top to bottom: yellow-brown soil, uniform red clay

without any white veins, and net-like red soil [Fig. 1(a)]. Better

developed net-like veins occur from 1.0m under the ground to

the profile bottom. The net-like red soil, in which white veins

taking different shapes are distributed randomly in the red

matrix in all directions [Fig. 1(b)], is a main body of the Quater-

nary red soil. The soil is mainly composed of illite, kaolinite,

illite-smectite mixed-layer clay, and minor chlorite [9]. In addi-

tion, the net-like red soil is a typical unsaturated soil, as it often

occurs above the water level in the field.

TESTING MATERIAL PREPARATION

The thin-section specimens used in SEM tests were prepared

via a natural air-drying method.

The preparation procedures for specimens for SWCCs and

shear strength tests were as follows.
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First, a bulk undisturbed soil block with dimensions of

500 (W) by 400 (L) by 400mm (H) was excavated and sealed in

the field and then taken back to the lab and cut into portions

with a wire saw and a spatula in a site with constant tempera-

ture and humidity.

Then, cylindrical specimens 38mm in diameter and 80mm

in height [Fig. 1(c)] were trimmed from the small soil block with

a soil lathe and a knife.

Finally, specimens were de-aired and put into cylindrical

split molds for 10 days.

AN ANALYSIS OF BASIC PROPERTIES OF TESTED SOIL

All basic properties of the soil were tested according to Chinese

National Standard GB/T50123-1999 [34].

SCANNING ELECTRON MICROSCOPY–ENERGY

DISPERSIVE SPECTROMETRY TEST

Soil micromorphology is helpful for understanding the

mechanical characteristics of paleosols; for instance, textural

features are useful in the analysis of micro–macro interactions

[25]. As we know, a SEM system equipped with EDS is a power-

ful analytical tool for the rapid, nondestructive, sensitive,

multi-elemental, low-cost analysis of micromorphology. The

microstructure was analyzed here in thin sections extracted from

the undisturbed soil and on the failure plane after shearing.

Composition analysis focused on the local regions in the thin

sections and was performed on the red matrix and the white vein

via EDS incorporated in the JSM-6490LV SEM system.

QUANTIFICATION OF MICROMORPHOLOGYWITH

DIGITAL IMAGE PROCESSING TECHNIQUE

Quantitative analysis of the fabric is essential for the successful

interpretation of soil behaviors. In a soil SEM image, pores are

likely at a lower or darker gray level in contrast to the back-

ground, so pores can be discriminated by different gray levels

after the gray-level SEM image is transformed into a binary

image [35,36]. The DIP technique is a computerized technique

for quantifying SEM images and can save time in numbering

pores relative to manual counting [37–39]. Here, Image-pro

Plus software, produced by Media Cybernetics, was adopted for

the DIP analysis. DIP analysis with Image-pro Plus consists of

four steps: spatial calibration of the digital image, image seg-

mentation, counting and sizing on the basis of measured

parameters, and data output and statistical analysis. Concrete

steps are depicted below.

First, a calibration unit of measurement is used to fix the

number of pixels representing 10lm in horizontal and vertical

directions for the SEM image.

Then, the SEM image is converted into a black-and-white

binary image for convenience in analysis. Attained binary

images can be used to further identify pores and calculate rele-

vant parameters in the geometry and morphology of the pores.

Segmentation of the grayscale data is a crucial step for extract-

ing objects including minerals, pores, and clay aggregates from

the binary image [36,40]. In general, segmentation involves two

main steps: set thresholds for gray level and pore area, and then

add or delete objects if needed. The image threshold, by which

interesting objects can be distinguished well from the back-

ground, is searched in terms of object gray levels. The Image-

pro Plus software can recognize interesting objects almost auto-

matically according to the proper threshold. Also, those useful

objects wrongly discarded in segmentation can be recovered,

and false objects resulting from gray errors in the SEM image

can also be removed through the use of an area of interest.

Next, select measured parameters for the software to pro-

cess their values.

Finally, the measured results are output to Excel for statisti-

cal analyses and are graphically plotted in histograms.

SOIL–WATER CHARACTERISTIC CURVE TEST

The SWCC is the most fundamental and important property in

unsaturated soil mechanics. The SWCC is often revealed on the

basis of direct measurement and mathematical analysis. There

are numerous indoor methods for the determination of the

FIG. 1 Images of net-like red soils: (a) and (b) in the field; (c) specimen.
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SWCC, such as the volumetric pressure plate extractor method,

the temple instrument method, the filter paper method, and so

on. All of them have strengths and weaknesses. In addition,

methods of moisture content determination based on frequency

domain reflectometry [41], time-domain reflectometry [42],

and neutron technology were put forward by scholars to gain

the SWCC indirectly. However, most previous research focused

on the SWCC of a remolded sample and did not take account

of the effects of volumetric strain and stress state on the SWCC.

Herein, to account for those effects on unsaturated net-like red

soil, the geotechnical digital system (GDS) developed by Ng

et al. [43] was adopted to conduct the SWCC test. The proce-

dure for testing is as follows.

Step 1: Specimen installation. Place the specimen vertically

in a 0.2-mm thick rubber membrane that is sealed against the

pedestal and the top cap with two rubber O-rings on the base

plate with a high air-entry disk using a split-part mold. Then

mount a coarse porous disc and a top cap on the upper end of

the specimen. Add de-aired water to the inner chamber and

after the reference tube, check its leakage and eliminate air bub-

bles from the testing system. Prior to the next stage, calibrate

transducers to zero and check the sealability of the measuring

equipment under a 30-kPa cell pressure after mounting the

outer chamber.

Step 2: Suction balance in cycles of drying or wetting. A

desired suction in the unsaturated specimen can be built up in

drying and wetting cycles through the application of a pressure

difference between the pore water pressure and the pore air

pressure. The suction balance will be reached when the change

in the back volume is less than 50 mm3 within 24 h (Fig. 2).

Step 3: Processing of measured data with Excel software.

The volumetric water content of the specimen with the corre-

sponding amount of suction can be calculated from the water

content at the final cycle measured via the oven-drying method.

Tests involving wetting and drying processes were carried

out to obtain SWCCs of the net-like red soil under 510-kPa

axial pressure and 505-kPa radial pressure. The parameters of

test models are listed in Table 1.

PREDICTING SOIL–WATER CHARACTERISTIC CURVES

Generally, direct measurements on actual testing of soil

hydraulics are preferred in engineering practice. However, the

high cost, long duration, and complexity of SWCC tests

impede the analysis of unsaturated soil mechanics in designs

[44]. In addition, the number of measurements achieved for a

given site is often too few to capture the spatial variability of

soil properties. So, mathematical approaches have been

employed to predict SWCCs in recent years because they are

cheap to perform, convenient to use, and beneficial for further

awareness of hydraulic characteristics. It is significant and nec-

essary to build forecasting formulas for analyzing the suction

phenomenon and further understand the SWCC characteristic

of the reticulate red soil. Specially, three empirical formulas by

Gardner, Van Genuchten, and Fredlund [45] were utilized to

represent the first drying cycle of measured SWCCs. The cal-

culated equation is written as

hw ¼

hr þ
hs � hr
1þ awb

For Gardner model

hr þ
hs � hr
½1þ awb�c

For Van Genuchten model

hr þ
hs � hr

ln eþ w
a

� �b
" #( )c For Fredlund model

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

(1)

where:

hw¼ volumetric water content (hw [(hr,hs]),
hr and hs¼ residual and saturated volumetric water con-

tents, respectively,

FIG. 2 Histories of pore water pressure, pore air pressure (a), axial stress,

and radial stress (b).
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w¼matric suction (w [(0,wr]),

wr¼ corresponding matric suction with hw¼ hr,

a¼ shape parameter associated with the air-entry value,

b¼ shape parameter related to the drying rate when the

matric suction is greater than the air-entry value, and

c¼ shape parameter related to the residual water content.

UNSATURATED STRENGTH TEST

The GDS for unsaturated soils was also adopted to discuss the

evolution of unsaturated shear strength with the variation of

suction. Confining pressures of 205 kPa and 305 kPa and suc-

tions of 50 kPa, 100 kPa, and 200 kPa were implemented for

shear tests. Detailed experimental schemes are listed in Table 2.

The test process consisted of four steps: saturation, suction

equilibrium, consolidation, and shear.

Results and Discussion

BASIC SOIL PROPERTIES

Basic physical properties of tested soils are presented in Table 3.

The values in Table 3 are averaged values from all specimens.

The net-like red soil had a moisture content of 23.3 % to 24.1 %

with a maximum dry density of 1.79 g/cm3 to 1.83 g/cm3. The

liquid limit, plastic limit, and plasticity index ranged from

46.7 % to 49.4 %, 26.9 % to 29.3 %, and 19.5 to 21.6, respec-

tively. The optimum moisture content was 17.9 %. The uncon-

fined compressive strength of remolded soil lay in the range of

1067.5 kPa to 4648.7 kPa.

FABRIC FEATURES ANDMINERAL COMPOSITION

SEM images of undisturbed samples and specimens after shear-

ing are shown in Figs. 3 and 4, respectively.

The white vein and the red matrix showed radically differ-

ent microstructures, as shown in Fig. 3. Textures of micro-pores

and micro-particles in the white vein presented features of a

granular structure, but mineral grains without a prevailing ori-

entation can be clearly differentiated in the SEM image

[Fig. 3(a)]. Soil particle sizes varied, and some particle diameters

were greater than 20 lm. However, the red matrix exhibited

aggregate textures of layered structures and pores [Fig. 3(b)].

Microscopy observation showed that particle orientations were

predominantly edge-to-face and face-to-face in the undisturbed

soil prior to the shear test but face-to-face in the soil after shear-

ing. Additionally, micro-pores were embedded in the macro-

and skeleton-pores. Quartz crystals with a subrounded shape

and approximately 10 -lm diameter occurred more richly in the

white vein than in the red matrix. It is seen that the microstruc-

ture of the red soils obviously behaved anisotropically because

of the difference between the white vein and the red matrix.

The Fe oxide was depleted usually along fissures between the

white veins and the red matrix.

From Fig. 4, it is seen that particles on the shear failure

plane were smaller and denser than those in the undisturbed

sample. This might have been due to processes of consolidation

and shearing. Slickensides on the shear failure plane can be

clearly observed in Fig. 4(c).

The chemical element content was separately analyzed via

EDS for the white vein and red matrix. EDS mapping showed

Al (K line), Si (K line), K (K line), Ca (K line), Mg (K line), Fe

(K line), and Ti (K line) as listed in Table 4.

EDS analyses revealed that the tested soil was high in kaolin

and mainly made up of O, Si, Al, and Fe elements. This shows

that formation of the soil occurred in an acidic and strongly

TABLE 1 Suction balance conditions of SWCC tests.

Test
Step

Pore Air
Pressure, kPa

Pore Water
Pressure, kPa Suction, kPa Test Process

1 0 0 0 Saturated process

2 500 495 5 First drying cycle

3 500 400 100

4 500 300 200

5 500 200 300

6 500 100 400 Wetting cycle

7 500 200 300

8 500 300 200

9 500 400 100 Second drying cycle

10 500 300 200

TABLE 2 Experimental schemes for shear tests.

Case

Initial Moisture
Content of Specimen
During Shear Test, %

Cell Pressure,
kPa

Pore Air
Pressure, kPa

Pore Water
Pressure, kPa

Suction,
kPa

A 24.05 305 300 250 50

B 23.63 305 300 200 100

C 23.53 305 300 100 200

D 22.33 305 105 5 100

E 24.14 305 205 105 100

F 24.56 305 255 155 100

G 23.18 205 155 55 100

H 23.82 205 200 100 100
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weathered environment with the leaching of mobile elements

Ca and Mg and the accumulation of immobile elements Fe and

Al. Quartz accumulated much more in the white vein than in

the red matrix, but the vein’s clay mineral content was less than

that of the red matrix. The better developed the white vein was,

the more intensely the Fe oxide was depleted. However, Ti is a

stable chemical component in net-like red soils. Sometimes the

percentage of Fe was lower in the white vein than in the red

matrix. Al2O3 in the white vein presented uncertainty; for

instance, Al2O3 in case E was significantly leached, whereas that

in case G was accumulated. This might be the result of pH dif-

ferences in the soil. We found that differential depletion and

accumulation contributed to the chemical composition of the

white vein.

SOIL–WATER CHARACTERISTIC CURVE

The axial strain, volumetric strain, total volume, and back vol-

ume behaviors from the SWCC test are presented in Fig. 5. It is

observed in Fig. 5 that the total volume and volumetric strain

increased with the test. The growth rate of the SWCC in the

drying cycle was greater than that in the wetting cycle, but the

axial strain barely changed in both cycles.

TABLE 3 Physical properties of tested soils.

Maximum
Dry Density, g/cm3

Moisture
Content, %

Liquid
Limit, %

Plastic
Limit, %

Plasticity
Index

Optimum
Moisture Content, %

Unconfined
Compressive Strength, kPa

1.81 23.6 48.5 28.2 20.0 17.9 3246.9

FIG. 3 SEM images of undisturbed net-like red soils: (a) white vein; (b) red

matrix.

FIG. 4 SEM images of case F after the triaxial shearing test: (a) white vein;

(b) red matrix; (c) slickensides on the shear failure plane.
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Figure 6(a) shows that the measured volumetric water con-

tent in the dehydration process was greater than that in the

adsorption process under the same matric suction. The SWCC

of the second dehydration process was not consistent with that

of the first process. Specifically, the change in the volumetric

water content in the subsequent drying cycle was smaller than

that in the first drying cycle under the same suction. Obviously,

the hydraulic feature of net-like red soil demonstrates

hysteresis.

Predicted results are illustrated in Fig. 6(b) and Table 5. The

error square sum R2 was used to further estimate inverse analy-

sis results via Eq 1. The calculated formula of the error square

sum R2 is

R2 ¼ 1� R h� h2ð Þ2

R h� h1ð Þ2
(2)

where h, h1, and h2 are the volumetric water content and

mean value from laboratory tests and the calculated value

from empirical mathematical models, respectively. More

detailed information on the analytical model can be found in

Ref 16. The closer R2 is to 1, the better the inversion is.

Results show that calculated suctions from the Fredlund

TABLE 4 EDS findings for atomic percentages of Al, Si, Ca, Mg, Fe,

and Ti.

Case O Al Si K Ca Mg Fe Ti

White vein in
undisturbed soil

56.19 3.77 39.11 0.93 — — — —

Red matrix in
undisturbed soil

61.25 5.85 26.3 0.55 — — 2.65 0.44

Red matrix in case D 57.95 5.62 33.75 0.56 — — 2.12 —

White vein in case E 62.13 6.00 28.32 0.66 0.19 0.67 1.78 0.24

White vein in case G 62.75 10.09 25.08 1.08 — — 1.00 —

Red matrix in case H 55.11 11.36 30.10 1.12 0.32 — 1.68 0.31

FIG. 5 Time histories of axial and volumetric strains, back and total volumes.

FIG. 6 Measured and computed SWCCs: (a) measured; (b) computed.

TABLE 5 Simulation parameters and correlation coefficients.

Parameters Fredlund Model Van Genuchten Model Gardner Model

a 810.86 2.64� 10�6 1.85� 10�6

b 2.52 2.0 1.94

c 3.30 0.5 —

R2 0.957 0.916 0.884
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model had good agreement with measured ones. The GDS

for unsaturated soils [43] measures the suction via an axis

translation technique. For a specimen 38mm in diameter,

suction from 0 to 500 kPa can be monitored with an ordinary

high-air-entry disk. To ensure equipment safety, the maxi-

mum suction is often set at 450 kPa. Therefore, the volumet-

ric water content discussed here was inside a partial range.

Additional testing with a ceramic plate of high pressure is

required in order to clarify the details of hydraulic behavior

under a full range of suctions in the future.

UNSATURATED STRENGTH

The measured strengths of unsaturated net-like red soils are

shown in Figs. 7, 8, and 9 and in Table 6. Measured deviator

stress-strain curves under desired suctions are presented in

Fig. 7. The stress-strain relations obtained from the experiments

performed with 305-kPa confining pressure and 100-kPa suc-

tion at desired net confining pressures are shown in Fig. 8. Devi-

ator stress-strain relations under constant suction and net

confining pressure but different confining pressures are com-

pared in Fig. 9. From the measured results, we can see that axial

strains tended to be stable when they reached 12 %. Thus, here

the deviator stress at the axial strain of 12 % is used to denote

residual deviator stress, and the corresponding shear strength is

referred to as the residual shear strength.

Suctions for cases A, B, and C under a cell pressure of

305 kPa were 50 kPa, 100 kPa, and 200 kPa, respectively (Fig. 7).

The tested condition for case H was 100-kPa suction and 205-

kPa confining pressure. For cases A, B, and C, it is seen that the

maximum deviator stress, residual shear strength, and axial

strain at the maximum shear stress increased with the incre-

ment of suction. For cases H and B with the same suction of

100 kPa, the effect of pore water pressure on the residual

strength was small, but the peak shear strength depended on

the pore water pressure.

It can be seen from Fig. 8 that the amounts of deviator

stress, residual shear strength, and axial strain at the peak devia-

tor stress increased with increments of the net confining pres-

sure. The ratio of the maximum deviator stress to the residual

deviator stress decreased with increasing net confining pressure.

The maximum deviator stress in case D was 267.32 % greater

than that in case B. This suggests that net confining pressure

and air phase in soils play important roles in the shear strength

of unsaturated net-like red soil. We can see in Fig. 9 that confin-

ing pressure had an effect on the residual shear strength, but

not on the peak deviator stress.

FIG. 7 Measured deviator stress–axial strain curves for cases A, B, C, and H.

FIG. 8 Measured curves of deviator stress versus axial strain for cases B, D,

E, and F.

FIG. 9 Measured curves of deviator stress versus axial strain for cases F and

G.
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Thus, it is concluded that deviator stress gradually

decreased after it arrived at the peak value in cases with a cell

pressure of 305 kPa. However, for specimens under a cell pres-

sure of 205 kPa, the attenuation rate of the deviator stress was

faster. All axial strains at peak shear strengths were below 1.5 %.

All stress-strain curves exhibited strain softening. Deviator

stress and peak shear strength decreased with increasing mois-

ture content. In samples under constant suction and net confin-

ing pressure, pore water pressure contributed to the axial strain

at peak strength and the residual shear strength in a way.

DEFORMATION FEATURES

Measured shear deformations of unsaturated net-like red soils

are illustrated in Figs. 10, 11, and 12. Figure 10 shows volumetric

strains plotted against time for specimens with suctions of

50 kPa, 100 kPa, and 200 kPa, respectively. A comparison of vol-

umetric strain versus time is presented in Fig. 11 for net confin-

ing pressures from 5 kPa to 200 kPa under constant suction of

100 kPa. The effect of confining pressure on the volumetric

strain is depicted in Fig. 12.

The difference in the volumetric strain generation between

low and high suctions is noticeable after prolonged shearing, as

shown in Fig. 10. Larger amounts of volumetric strain are found

in specimens with higher suction despite constant confining

pressure. The volumetric strain at 15 % axial strain in case C

with 200-kPa suction was 94.73 % greater than that in case A

with 50-kPa suction. With a suction of 100 kPa, the volumetric

strain in case B under 305-kPa cell pressure was smaller than

that in case H under 205-kPa cell pressure. These behaviors

agree with the effects of suction on the shear strength.

It can be seen in Fig. 11 that the volumetric strain was

altered with the magnitude of the net confining pressure. For

cases D and E, with net confining pressures of 200 kPa and

100 kPa, respectively, the curves started out with a contraction

pattern of decreasing rate followed by dilation during a specific

period. But their volumetric strains increased more gradually

and smoothly than that in case F with a net cell pressure of

TABLE 6 Results of unsaturated shear strength tests.

Case
Peak Deviator
Stress, kPa

Axial Strain at
Maximum Shear Stress, %

Deviator Stress
at 5 % Axial Strain, kPa

Residual Deviator
Stress, kPa

Ratio of Maximum
Deviator Stress to

Residual Deviator Stress

A 138.95 0.70 12.55 34.34 4.05

B 190.13 1.06 74.35 68.37 2.78

C 279.91 1.62 125.17 77.61 3.61

D 698.38 3.66 681.34 561.31 1.24

E 557.63 2.07 478.17 351.42 1.59

F 352.29 1.51 213.59 157.72 2.23

G 376.07 1.44 275.34 230.21 1.63

H 334.02 0.84 55.90 57.44 5.82

FIG. 10 Time histories of volumetric strain for cases A, B, C, and H. FIG. 11 Comparison of volumetric strains among cases B, D, E, and F.
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50 kPa. The final volumetric strain in case B under a net confin-

ing pressure of 5 kPa was nearly nine times that in case D under

a net confining pressure of 200 kPa. This indicates that net con-

fining pressure plays a role in soil deformation.

It can be seen from Fig. 12 that the initial volumetric strain

in case F was very similar to that in case G. The volumetric

strain at 15 % axial strain in case F was 5.24 %, whereas it was

4.33 % in case G. The growth rate of the volumetric strain in

case F was faster than that in case G. Initial water contents in

cases G and F prior to the shear process were 23.18 % and

24.56 %, respectively. So these phenomena might be caused by

differences in the moisture content and the pore water pressure.

MICROSCOPIC AND QUANTITATIVE FEATURES OF SOIL

ON THE SHEAR FAILURE PLANE

Changes in shear strength associated with microstructure

were also further explored via SEM, EDS, and DIP analysis

approaches. Cases F and G under the same net cell pressure

and suction were chosen for the analysis. As noted above,

threshold specification is a crucial step in the segmentation

process. A global threshold method [36,46] was adopted here

to identify the threshold. The range of gray-level thresholds

FIG. 12 Time histories of volumetric strain for cases F and G.

FIG. 13 Images of specimens after shear test: (a) case F; (b) case G.

FIG. 14 SEM images of microstructures on the shear failure plane: (a) and

(b) case F; (c) and (d) case G.
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obtained for tested sections was 60 to 80. The segmentation

process was performed several times and by several individu-

als to reduce subjective errors. The characteristic of shear

failure at the macro scale can be observed in Fig. 13. SEM

images of thin sections extracted from the failure planes are

illustrated in Fig. 14. Quantitative features of pores in the

net-like red soil from DIP analyses are presented in Table 7

and Fig. 15.

From Fig. 14, it is seen that microstructures on the failure

plane in cases F and G were different. Micro-slickenside was

smoother, straighter, and more intensive in cases under high

confining pressures than in cases under low confining pressures.

In addition, micro-steps were observed in cases with high con-

fining pressures.

Porosity and pore size are essential properties of soil mass

because they govern the transport of water, solutes, and gas.

The parameters in Table 7, used to describe the complexity and

variation of pores, are mean values. It is clear that the shear pro-

cess resulted in the major axial angle of pores from disorder to

order. The fractal dimension of the pore outline increased; in

contrast, the perimeter, area, diameter, and roundness of the

pore decreased.

Statistical characteristics of pores before and after shearing

are shown in Fig. 15. The figure indicates that pore areas in the

undisturbed soil generally ranged from 1 to 5lm2, and the pro-

portion of 5- to 10-lm2 pores in the white vein was less than

that in the red matrix. Moreover, fewer pores larger than

50lm2 and more pores 0.6 to 5lm2 in size appeared on the

failure plane. This might be due to the compactness of 10 - to

50-lm2 pores and grain crushing during consolidation and

shear processes. In addition, micro-pore sizes on the failure

plane decreased with the increment of confining pressure. It is

concluded that shear dilatancy is not induced by changes in

micro-pores and might be due to cracking of the soil mass. Pore

sizes tended to be smaller after shearing. These results agree

well with macro-mechanical observations. It is also proposed

that the DIP technique might be an effective alternative for

quantitative analysis of the effects of particle crushing and rear-

rangement on geotechnical properties of net-like red soils.

Conclusions

The net-like red soil at the Chenshan profile in Xuancheng City

is a red paleosol with extraordinary textures. To date, few

TABLE 7 Statistical characteristics of pores in undisturbed soils and on shear failure planes.

Case Roundness Porosity, % Angle, deg Diameter, lm Area, lm2 Perimeter, lm Fractal Dimension

Undisturbed white vein 2.46 15.9 86.15 2.65 7.84 13.76 1.18

Undisturbed red matrix 3.20 19.4 102.55 2.71 8.41 16.71 1.23

White vein on the shear failure plane 2.27 10.14 86.37 2.01 3.86 9.79 1.20

Red matrix on the shear failure plane 2.73 12.7 83.09 2.26 5.28 12.34 1.23

FIG. 15

Statistical characteristics of micro-pore area in the

undisturbed soil and on the shear failure plane.
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studies have focused on its microstructure and unsaturated

behaviors. This study examined the hydraulic-mechanical

behaviors and microstructure features at the macro- and micro-

scales via SEM, EDS, SWCCs, unsaturated triaxial shear tests,

and a DIP analysis approach. The roles of mineral composition

and microstructure in the evolution of the unsaturated mechan-

ical behaviors of the net-like red soil were further discussed.

Some conclusions are drawn as follows.

(1) The white vein and red matrix in tested soils presented
significant differences in color, microstructure, and
chemical components. More quartz and fewer clay min-
erals were present in the white vein than in the red ma-
trix. The better the white vein is developed, the more
intensely the Fe oxide is depleted.

(2) Measured SWCCs in drying and wetting cycles behaved
with hydraulic hysteresis. The curve of the second drying
cycle clearly lay below that of the initial drying cycle
under the same test conditions. The back volume
changed with the magnitude of the suction, but there
was much more variation in the drying cycle than in the
wetting cycle. The SWCC test showed that changes in
the axial strain did not correspond with those in the vol-
umetric strain.

(3) Net-like red soils from the Chenshan profile exhibited
strain softening and brittle failure features during the
unsaturated shear process. Axial strains at the peak shear
strength were less than 1.5 %. For cases under constant
suction, the higher the confining pressure, the greater
the shear strength. The shear strength of a specimen
increases with increasing suction under constant confin-
ing pressure.

(4) DIP analysis of a SEM image was found to be a use-
ful tool in the characterization of microscopic
changes. More intensive micro-slickensides and
micro-steps occurred in the specimens under higher
confining pressure. The composition of pores in the
undisturbed soil and on the failure plane was differ-
ent. There were a high percentage of pores larger
than 10 lm2 and a low percentage of pores smaller
than 5 lm2 in the undisturbed soil, but pore sizes on
the failure plane exhibited opposite characteristics.
The major axial angle of pores tended toward one
orientation. Changes in microstructure and differences
in suction might be critical factors contributing to the
variations in unsaturated mechanical behaviors of net-
like red soils. This serves as a bridge between the
macroscopic mechanical behavior and the microscopic
structure characteristic. It will enable us to provide a
more comprehensive background for the characteriza-
tion of unsaturated behaviors and explore appropriate
treatment methods for net-like red soils. However,
further investigations will still be in progress with a
rational threshold algorithm to quantify the effects of
wetting and drying cycles on the unsaturated geotech-
nical properties.
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ABSTRACT

The construction of two bored tunnels passing underneath an existing high speed rail (HSR)

box tunnel needed to traverse obliquely through the diaphragm wall originally used for

excavation and lateral support during construction of the HSR box tunnel. An access lift

shaft was constructed adjacent to the HSR box tunnel diaphragm wall to provide access for

the horizontal grouting equipment used to modify the surrounding soil to have sufficient

water tightness and shear strength for safe tunnel eye creation and removal of steel

H-beams left within the soil mixing wall. The grout block behind the tunnel eye was

constructed first, followed by a long distance (up to 52 m) horizontal grouting (LDHG)

program to form the other grout block around the steel H-beams. Since the grouted area

was confined by a box tunnel on top and diaphragm walls on both sides, inappropriate

grouting pressure could cause significant vertical movement of the HSR box tunnel above

and potentially endanger the safety of the HSR service within. The grouting program was

adjusted in accordance to real time box tunnel motion as detected by electronic beam

sensors along the side walls of the box tunnel. Our strategies for overcoming the challenges

associated with long distance horizontal wash boring through diaphragm walls, scattered

with steel H-beams, and accompanying grouting strategy will be presented in this paper.

The vertical movement of the HSR box tunnel during the LDHG program was well controlled

to less than 4 mm, while the maximum lateral displacement of the shaft diaphragm wall was

maintained below 9 mm.
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Introduction

The construction of a new tunnel adjacent to a pre-existing tunnel

can cause impacts to the surrounding soil structures significant

enough to induce stress changes in the tunnel lining and produce

angular distortion of the existing tunnel. These distortions can

exceed the existing tunnel’s safety and serviceability limits and

therefore must be accounted for during the planning and design

stages of the new tunnel. This is of particular importance when the

expected tunnel is to be constructed less than one tunnel diameter

distance away from an existing tunnel [1–3]. Compensation grout-

ing has been utilized to effectively reduce the settling of an overly-

ing structure by injecting grout through sleeve pipes, known as

tubes à manchettes (TAM), into the foundation soil of an overlying

structure when a newly excavated tunnel is created underneath [4].

However, it is not always possible to construct these grouting

holes from the ground surface or from the inside of a tunnel due

to active tunnel traffic. Therefore, our solution utilized the con-

struction of an adjacent lift shaft to provide sufficient access to

place a series of horizontal grouting holes through the HSR box

diaphragm wall to modify the soil’s water tightness and strength,

facilitating the removal of the underground H-beams within the

expected path of the shield machine. The horizontal grouting can

be conducted through either sleeve pipe with low pressure (TAM

grouting) or through nozzle with high pressure (jet grouting).

Horizontal jet grouting has been used to create an umbrella of

canopy providing the pre-confinement ahead of the tunnel face

for a subsequent safe boring environment with New Austrian

Tunneling Method (NATM) [5–8]. The application of horizontal

jet-grouting is difficulties for several reasons, including the back

flow of excessive jet-grouting fluid to the excavation face resulting

in settlement and excessive high jetting pressure causing heave to

adjacent structures. Preventer valves and retainers at the mouth

of the bore hole can control the outflow of solid or liquid spoils

from drilling when the ground soil is sandy and susceptible to

“piping” [5]. However, limiting the backflow may induce heaving

and/or blow-ups, making proper control of flow volume critical

in balancing the effects of settlement and heave, while undertak-

ing horizontal jet grouting [5,9,10]. There are very few field

observations on the behavior of adjacent underground structures

in response to horizontal boring and grouting activities. The hori-

zontal sleeve pipe grouting with low pressure providing easier

control and less adverse effect was selected in this project. This

paper presents the observed response of an active HSR box tunnel

and nearby access shaft during the construction of a series of hor-

izontal boreholes and grouting works.

Site Description

GEOLOGICAL CONDITIONS

As shown in Fig. 1, the site consists of a Holocene basin

sediment (the Sungshan formation) of alternately silty clay and

silty sand layers, of which six have been studied by many inves-

tigators [11,12] and a Pleistocene basin sediment (the Chingmei

gravel formation). Piezometric level in Sungshan V fluctuated

between 2.7 and 4.7m below the ground surface. Since the water

content of the silty clay soil in Sungshan II is near the liquid

limit, it is sufficient for the clay to flow as a liquid. Piezometric

level in the underlying gravel formation is 9.4m below the

surface.

DESIGN AND CONSTRUCTION

As diagramed in Fig. 1, the soil mixing walls (SMWs) containing

randomly scattered steel H-beams left behind during the wall’s

construction were installed on both sides of the normal speed

rail (NSR) box tunnel to provide lateral support during the tun-

nel’s excavation. The HSR box tunnel is located between the

NSR box tunnel SMW and a diaphragm wall measuring 36-m

deep and 0.8-m thick. Two new 6.1-m diameter tunnels for the

Sungshan Line of the Taipei Rapid Transit System (TRTS) were

to be bored by the earth pressure balance (EPB) shield machine

at a depth ranging from 26 to 28m. They were planned to pass

underneath the existing HSR and NSR tunnels and pass through

the NSR SMW and the HSR diaphragm wall at an angle of 60�.

To remove the steel H-beams within the SMW and allow for

unimpeded shield tunneling, the strength and permeability of

the surrounding soil required augmentation to facilitate

H-beam removal.

Boring and installing TAM grouting tubes from the ground

surface or from within the box tunnel were not possible due to

existing traffic. As seen in Figs. 1 and 2, a vertical shaft next to

the HSR box tunnel diaphragm wall was constructed to provide

access to form grout block B and block C in order to create the

tunnel eyes and remove the steel H-beams within the SMW

before shield machine passing through from north.

Prior to the construction of the grout blocks B and C, a

series of soilcrete columns were jetted to form a 4-m thick grout

slab below the final excavation level to reduce the diaphragm

wall deflection and possible side effects to the HSR box tunnel.

As the shaft diaphragm walls were not embedded into imper-

meable layer, a 7-m thick grout plug at the elevation ranging

from 59.4 to 52.4m was constructed to provide sufficient weight

against buoyancy force during excavation from within the shaft.

On the other hand, as the shield machine would resume its

drilling again from south, block A (Figs. 1 and 2) was utilized to

prevent water ingress while breaking down the tunnel eye.

MONITORING INSTRUMENTS

Tunnel movement was monitored in real time with 101 beam

sensors installed on both side walls of the HSR box tunnel [13]

in conjunction with optical prisms and tiltmeters during the

construction of the access shaft, excavation from within, and

the horizontal wash boring and grouting works. During the

excavation from within the access shaft, inclinometers inside
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the diaphragm wall and vibrating wire strainmeters attached to

struts were utilized to monitor wall deflections and strut forces.

The layout of instruments is shown in Fig. 2.

Grouting Works

SLAB GROUTING

After installation of the shaft diaphragm wall (Fig. 3(a)), a

double-fluid jet grouting was conducted from the ground

surface to construct 140 1.6-m diameter overlapped soilcrete

columns, of which 71 were jetted inside the access shaft C–W

and the rest inside the access shaft C–E, forming a 4-m thick

grout slab at the elevation ranging from 76 to 72m (Figs. 1

and 3(b)).

A slag cement based grout (Table 1) was jetted at a pressure

of 60 kN/m2 within a protective conical shroud of pressurized

air jet, which prevents significant pressure drop as the grout

exits the nozzle and thereby allows increased radial penetration

FIG. 1

Geological profile view with relative locations

of the HSR and NSR box tunnels and grout

blocks.

FIG. 2

Plan view of the site and layout of monitoring instruments.
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into the surrounding soil (larger column diameter). The

columns were placed in a triangular arrangement with a

center-to-center spacing of 1.3m.

PLUG GROUTING

The vertical sleeve pipe grouting was then undertaken from the

ground surface to construct a 7-m thick grout plug at an eleva-

tion ranging from 52.4 to 45.4 (Figs. 1 and 3(c)). The grout tube

assembly consisted of a series of 33 cm long sleeve pipes. The

cement-bentonite (CB) grout (Table 2) with injection rate of

8–15 l/min was used in the first phase to fill in large soil voids,

and the silicate (SL) grout (Table 3) with a gel time of 60min

FIG. 3

Construction sequence for various grouting

works inside and outside the access shaft.

TABLE 1 Mix of 6.5 h gel time grout (slab grouting) (1000 l).

Slag Cement (154 l) Water (846 l)

Cement (kg) 120

JG hardener (kg) 280
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was grouted into small soil pores at a rate of 8–12 l/min in the

second phase. After the grout plug construction, a pumping test

confirmed the water tightness of the region within the shaft as

well as between grout slab and grout plug.

“BLOCK A” GROUTING

A triple-fluid jet grouting, known as Rodin Jet Pile (RJP), was

conducted from the ground surface to construct 19 2.3-m diam-

eter jet grout columns, forming two soilcrete blocks (grout block

A in Figs. 1, 2 and 3(d)) at an elevation ranging from 87 to

75.6m, of which one (1.9 by 9.8 by 11.4m) is outside the access

shaft C–E and the other (1.9 by 10 by 11.4m) outside the access

shaft C–W. Triple-fluid jet grouting eroded ground soils using a

pressurized water jet of 19.6 MN/m2 through a nozzle within a

conical air jet shroud, and the spoils were then replaced by

cement grout (Table 4) jetted with a pressure of 39.2 MN/m2

through another nozzle to produce jet grout columns. To pre-

vent any possibility of water leakage through either an untreated

area in the soilcrete block or within cleavages formed between

the soilcrete block and the diaphragm wall from diaphragm

wall deflection during excavation, dual tube grouting was

undertaken in the perimeter of the jetted columns to provide

additional water sealing effect. Table 5 shows the grout mix.

Unconfined compressive strengths of the cored samples

cured for 28 days from grout block A were in a range of

2.5–6.2 MN/m2. Hydraulic conductivity in the grout block was

less than 6.7� 10�6 cm/s.

“BLOCK B” GROUTING

As seen in Figs. 1 and 2, grout block B is confined by the HSR

box tunnel on the top and diaphragm walls on both sides,

improper grouting protocol may cause impacts to the overlying

structure and have an adverse influence on the normal opera-

tion of the HSR box tunnel.

Grouting was undertaken by injecting quick-setting grout

first and slow-setting grout next for each of stage grouting with

dual tube, which was drilled horizontally through the shaft and

existing diaphragm walls to a distance of 5.8m, as shown in

Fig. 3(e). If water ingress from grout hole exceeded 0.1 l/min

during boring, the SL grout (Table 3) was injected to minimize

ground loss.

Whenever grout take reached estimated grout volume or a

threshold grouting pressure was reached, grouting ceased, the

dual tube was pulled back 25 cm for the next grouting stage.

The threshold grouting pressure was set as system initial pres-

sure plus 490 kN/m2. During dual tube grouting, the supply line

for grout A and grout B is shown in Fig. 4. By manipulating the

on/off valve of grout B, the dual tube can provide either quick

set grouting or slow set grouting. Table 5 shows the grout mix.

The layout of grouting holes on the diaphragm wall at tun-

nel eyes is shown in Fig. 5. The block B grouting worked its way

from the upper portion (after eighth stage of excavations) then

the middle portion (after ninth stage of excavations), followed

by the lower portion (after final excavation, as shown in

Fig. 3(f)). The permeability in grout block B was verified by

measuring water leakage from the leakage check holes of 2-m in

length shown in Fig. 5.

LONG-DISTANCE HORIZONTAL GROUTING

(“BLOCK C” GROUTING)

Both ground penetrating radar (GPR) and electrical resistivity

tomography (ERT) surveys failed to localize the steel H-beams

left in the SMW between the HSR and NSR box tunnels along

the course of the planned tunnels. Therefore, long distance hori-

zontal grouting (LDHG) was utilized to locate the H-beams and

simultaneously augment the surrounding soil to facilitate their

future removal, as shown in Figs. 1, 2, and 3(g). After grout

Block C was completed, the reinforced concrete at tunnel eyes

TABLE 2 Mix of CB grout (plug grouting).

Mix of CB grout (1000 l)

Cement (kg) 150–250

Bentonite (kg) 50–80

Water (kg) 425–650

TABLE 3 Mix of 1 h gel time SL grout (grout block C).

Mix of SL Grout (1000 l)

Water glass (l) 250

SL actor (l) 40–60

Water (l) 690–710

TABLE 4 Mix of 7.8 h gel time grout (grout block A) (1000 l).

Slag Cement (205 l) Water (795 l)

Cement (kg) 180

JG hardener (kg) 420

TABLE 5 Characteristics of the chemical grouts (grout block A

and B).

RMG S2 (Gel Time: 5–10 s) (1500 l)

A Liquid (1000 l) B Liquid (500 l)

Water glass (l) 250 Water glass (l) 125

NGA (l) 20–23 Water (l) 375

GS (l) 27–30

Water (l) 700

RMG L3 (Gel Time: 20–60min) (A Liquid) (1000 l)

Water glass (l) 250

NGA (l) 20–23

GS (l) 27–30

Water (l) 700
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was removed as shown in Fig. 3(h). Then the backfill in the

access shaft and the breakthrough of the shield machine are

demonstrated in Figs. 3(i) and 3(j), respectively.

The drill pipes are required to both be able to maintain the

borehole along its length and of sufficient stiffness to drill

through a steel H-beam in order to install horizontal grouting

sleeve pipes. One large size of boring casing with diameter of

196mm, three drill pipes with diameters of 152, 118, and

89mm, and associated hardware such as three packers and two

one-way valves were used. The construction sequence of the

horizontal grouting hole is illustrated with six schematic

diagrams as shown in Fig. 6 and is further detailed below.

Figure 6(a) shows that a 196-mm diameter guiding bore

casing is first inserted into the borehole, drilling through the

diaphragm wall to facilitate the subsequent long distance dril-

ling and set up a valve for the cuttings and drilling fluids to

return. Next, a 152-mm diameter drill pipe is drilled 27m into

soil up to the steel H-beam. A one-way valve at the tip of

152-mm diameter drill pipe and a rubber packer are used to

force the drilling fluids and cuttings to drain through the annu-

lar space between 196-mm casing and 152-mm diameter drill

pipe. Figure 6(b) illustrates a 118-mm diameter drill pipe

equipped with a cutter bit at the tip is utilized to drill through

both the 152-mm pipe one-way valve and steel H-beam as well

FIG. 4

Dual tube grouting system.

FIG. 5

Schematic illustration showing the layout of

horizontal grouting holes for Block B and

corresponding geological profile.
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as collect core samples. Figures 7(a) and 7(b) show fragments of

the steel H-beams recovered from the extracted soil samples.

Figure 6(c) illustrates the replacement of the 118-mm pipe cut-

ter bit with a one-way valve for the remainder of the boring.

Figure 6(d) shows the 89-mm diameter drill pipe boring through

the one-way valve of the 118-mm diameter drill pipe and

exchanged for a customized TAM sleeve pipe. Figure 6(e) dis-

plays the customized TAM sleeve pipe with a spring hook at the

FIG. 6

Construction sequence of a horizontal grouting hole: (a)

install 196-mm diameter guiding casing and drill 152-mm

diameter drill pipe up to H-beam, (b) advance drill bit

affixed to 118-mm diameter drill pipe through H-beam to

obtain samples, (c) replace drill bit on 118-mm diameter drill

pipe with a one-way valve at to continue boring in soil, (d)

drill an 89-mm drill pipe through one-way valve of 118-mm

diameter drill pipe, (e) install TAMs with spring hook at the

tip, and (f) recover boring casing, drill pipes and rubber

packers.
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tip is inserted inside the 118-mm diameter drill pipe, then the

annular space between TAM and ground soil is backfilled first

with CB grout (Table 6) and then SL grout (Table 3) after the

two drill pipes (/)118 and /152mm and the outer casing

(/196mm) are sequentially recovered. The fabric packer shown

in Fig. 6(f) is utilized to seal the annular space between TAM

and diaphragm wall to prevent grout from seeping around the

TAM sleeve pipe while grouting block C. Figure 8 shows the lay-

out of the LDHG holes.

To avoid causing substantial heave to the overlying HSR

box tunnel while performing grouting at a constant injection

rate in such a confined space [14,15], grouting of the current

stage would cease and move onto the next grouting stage as the

following criteria were achieved:

(1) The measured grout take achieves the designed grout
take.

(2) The grouting pressure exceeds the system initial pressure
plus 98–196 kN/m2.

(3) The grouting pressure reaches the threshold of
2.5 MN/m2.

The hydraulic conductivity of core samples from Block B

and C was tested and did not exceed 1� 10�5 cm/s, with an

average 28-day unconfined compressive strength of 0.4 MN/m2.

Results and Discussion

HSR TUNNEL RESPONSE DUE TO THE CONSTRUCTION

OF ACCESS LIFT SHAFT DIAPHRAGMWALL

A total of 23 1.2-m thick, 57-m deep diaphragm wall panels are

installed next to the diaphragm wall of HSR box tunnel. It can

be seen from Fig. 9 that the maximum settlement of 4.7mm at

the east wall of HSR box tunnel is larger than the west wall’s set-

tlement of 2.1mm. From this, it can be considered that either

the skin friction on one side of the diaphragm wall of HSR box

tunnel decreased or that the surrounding soil next to the HSR

box tunnel diaphragm wall might have been disturbed during

the construction of the diaphragm wall of access shaft. The

length of the tunnel, exceeding 130m, was affected by the differ-

ential settling resulting from the construction of the diaphragm

wall, as shown in Fig. 9.

HSR TUNNEL RESPONSE TO SLAB GROUTING

Slab grouting within the access shaft generated excess porewater

pressure in surrounding soil, which resulted in the diaphragm

FIG. 7

(a) and (b), core samples containing H-beam fragments

(refer to Fig. 8 for the numbering system); (c) and (d)

removing H-beam in grout block ahead of cutting disc (the

numbering indicates the beam removal sequence).

TABLE 6 Mix of CB grout (grout block C).

Mix of CB Grout (1000 l)

Cement (kg) 100–250

Bentonite (kg) 50–80

Water (kg) 890–950
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FIG. 8

Layout of long distance horizontal grouting

holes for Block C.

FIG. 9

Observed HSR tunnel settlement profiles during diaphragm

wall construction and various grouting works; (a) HSR

tunnel settlement profiles from beam sensors on west wall

and (b) HSR tunnel settlement profiles from beam sensors

on east wall.
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wall deflection. Figure 10 shows that the largest outward deflec-

tion of the first wall furthest away from tunnel (SID-1101) is

2mm, while the second wall closer to tunnel (SID-1103) moved

an insignificant amount. This is due to the fact that the second

wall had additional support from the adjacent diaphragm wall

of the box tunnel to resist deflection from the grouting pressure.

Therefore, it can be concluded that the slab grouting in access

shaft should not have a significant impact on the box tunnel.

However, Fig. 9 shows that the largest vertical movement at

the west wall of the box tunnel increased from 2.1 to 3.4mm

and the east wall increased from 4.7 to 7mm. The discrepancy

from above can be explained by the construction of the shaft

diaphragm wall, for which the water content of the founding

soil, silty clay soil in Sungshan II, is very close to liquid limit, so

that it can easily get softened once disturbed or even washed

away as subjected to large hydraulic gradients. Then excess

porewater pressure generated because of external excitation will

dissipate gradually, resulting in consolidation and settlement in

a later stage [16–20].

HSR TUNNEL RESPONSE TO PLUG GROUTING

As seen in Fig. 11, the maximum wall deflection, recorded as a

result of the plug grouting, was 5mm at the depth of 46m,

which was located in the soft silty clay layer of Sungshan II. It is

believed that this very soft silty clay layer cannot provide the

diaphragm wall with sufficient passive force to resist grouting

pressure, resulting in the largest deflection but at a point 6m

away from the grouting plug. Figure 11 also discloses one inter-

esting fact that the wall deflection becomes smaller and smaller

over time after cessation of the plug grouting. The outward

deflection of the diaphragm during grouting is the result of

excess porewater water pressure, and the subsequent reversal

of the diaphragm wall deflection back to baseline is the result of

the dissipation of that excess porewater pressure after cessation

of grouting activities [13,19]. This can be confirmed by the

observed settlement profiles of box tunnel showing no signifi-

cant change before and after plug grouting as shown in Fig. 9.

HSR TUNNEL RESPONSE TO “BLOCK A” GROUTING

As displayed in Fig. 12, SID-1103 deflects 3mm toward the box

tunnel after block A grouting, whereas SID-1101 undergoes a

greater deflection of 6mm at a 20m of depth in the same

direction. Again, the wall nearest the tunnel receives additional

support from the adjacent diaphragm wall of box tunnel to

resist deformation from the grouting pressure. Therefore, block

A grouting should not cause any significant change to the

behavior of box tunnel. In addition, the influence on porewater

pressure from the previous construction of shaft diaphragm

wall dissipates with time before block A grouting starts. This

explains why the settlement profile of the HSR box tunnel is

nearly unchanged before and after block A grouting, as shown

in Fig. 9.

FIG. 10

Observed diaphragm wall deflection at inclinometer SID-1101

and SID-1103 before and after the slab grouting.
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FIG. 11

Observed diaphragm wall deflection at inclinometer SID-1101

and SID-1103 before and after the plug grouting.

FIG. 12

Observed diaphragm wall deflection at inclinometer SID-1101

and SID-1103 before and after the Block A grouting.
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HSR TUNNEL RESPONSE TO “BLOCK B” GROUTING

The first seven alternating stages of excavation and shoring

processes in the access shaft were conducted first (Fig. 3(e)), and

from that point forward, each subsequent stage of excavation

and shoring activities was followed by both boring and grouting

to construct grout block B until the final stage. Figure 13 shows

the variations of HSR tunnel vertical movement, wall deflection

at SID-1103, and strut force during excavating, shoring, boring,

and grouting works. The wall deflection varies up and down,

relating to excavation and shoring activities, respectively, but in

an increasing trend from stage one to stage seven. In general,

the HSR box tunnel tended to settle slightly at the east wall,

while remaining nearly unchanged at the west wall and moving

upward in response to strut preloading. This is due to the dia-

phragm wall deflection relieving the in situ stress of adjacent

soil underneath the box tunnel, resulting in its settlement.

During the excavation of stage eight, the dual tube grouting

assembly was located next to the invert of the box tunnel, as

shown in Fig. 3(e). It can be seen from Fig. 13 that the boring

process relieved the local soil stress resulting settlement,

whereas the grouting process increased local soil pressure,

thereby inducing heave to the box tunnel above. The box tunnel

displacement is larger at the east wall than the west wall because

block B grouting is undertaken near the east wall, resulting in

larger porewater pressure acting on the eastern part of the box

tunnel foundation due to grouting pressure. The settlement pro-

file shown in Fig. 9 confirms that this grouting pressure actually

caused substantial heave to the tunnel east wall above than the

west wall. We noted the distance of boring and grouting from

the box tunnel is important, as the subsequent boring and

grouting located deeper and further from the box tunnel invert

resulted in smaller box tunnel displacement than the eighth

stage. In general, strut force increases in the subsequent excavat-

ing process and decreases after the next level strut is preloaded

during the seven alternating excavating and shoring processes.

The horizontal dual tube boring process has no influence on

existing strut force, but the grouting process at grout holes

between the ninth and tenth stages of excavations does increase

the existing strut force significantly (Fig. 13). It is considered

that the grout block B is adjacent to the seventh, eighth, and

FIG. 13

Variation of HSR tunnel vertical movement,

wall deflection at SID-1103, and strut force

during shaft excavation and various grouting

works.

NI AND CHENG ON LIFTING RAIL TUNNEL 409

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



ninth level of struts (Figs. 3(e) and 3(f)), and grouting pressure

deflects the diaphragm wall and increases the strut force accord-

ingly [21].

HSR TUNNEL RESPONSE TO “BLOCK C” GROUTING

Figure 16 shows the observed vertical displacements at the box

tunnel’s east wall and west wall as well as diaphragm wall

deflection at SID-1103 during long distance boring and sleeve

pipe grouting (Fig. 8) under both the HSR and NSR box tunnels.

Since grout block C is located underneath the west wall of the

HSR box tunnel, any boring and grouting activities should have

direct influence on HSR box tunnel west wall above more than

east wall. It can be observed from Fig. 16 that SID-1103 under-

goes a largest deflection of 8.8mm at a depth of 22m toward

excavation side. The observed largest vertical movement change

of 3.4mm in Fig. 16 at the west wall moving upward due to

grouting and downward due to boring, rather than a change

of 1mm at the east wall, confirms the speculation above. In

addition, the variation of vertical movement at the west wall is

smaller when boring or grouting is conducted in the silty sand

deposit rather than in the silty clay deposit (Fig. 16). This fact

can be contributed by two factors. One is that the grouting pres-

sure in clay will induce the same amount of excess porewater

pressure as in an undrained condition, resulting in larger

upward thrust force to tunnel box [5,19]. The other is that the

grouting area in this silty clay deposit is closer to the box tunnel

foundation than the sand deposit, resulting in larger grouting

pressure and upward movement. In order to analyze this

behavior precisely, the careful selection of field observation data

to exclude the coupled effect between boring and grouting is

necessary. The following describes two case studies highlighting

the differential response of the overlying HSR box tunnel in silty

clay versus in silty sand deposits.

In the first case, two horizontal boreholes in the soft silty

clay deposit were constructed for six daytime hours and then

grouting was conducted sequentially in nine grout holes, as

shown in Fig. 14. Since the boring started, the HSR box tunnel

west wall had experienced gradual and steady settlement of

0.3mm1h after the end of boring activities, as shown in Fig. 14.

The boring was followed by horizontal grouting for 7 night-

time hours. Over 10 000 l of the CB grout were injected during

that time and resulted in 1mm of upward displacement of the

box tunnel.

In the second case, one horizontal borehole in loose silty

sand deposit was constructed during 6 daytime hours and then

followed by 7 night-time hours of grouting conducted

FIG. 14

Relationship between HSR tunnel vertical

movement and grout take (top) due to nine

TAMs grouting (bottom).
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sequentially through adjacent eight grout holes as shown in

Fig. 15. Similarly, the HSR box tunnel west wall gradually and

steadily settled 1.3mm since the boring commenced, as shown

in Fig. 15. No further settlement was observed prior to the com-

mencement of the horizontal grouting, which injected 15 000 l

of the SL grout and resulted in 0.5mm of upward displacement

of the box tunnel, as shown in Fig. 15.

As observed, two holes boring in clayey soil resulted in a

0.3-mm settlement of the box tunnel, whereas a single hole

boring in sandy soil caused 1.3mm settlement. This is because

the wash boring process in sandy soil causes washout and an

associated larger settlement that is different from that in clayey

soil. It is also observed that the 10 000 l grout take in the clayey

soil is less than 15 000 l in the sandy soil, and the 1mm heave of

the box tunnel in clayey soil is larger than 0.5mm in sandy soil.

It is logical to say that the void in soil created by washout during

the boring process will be backfilled with the same amount of

grout during the subsequent grouting process. However, the

grouting in silty clay receiving less grout results in a larger heave

of the box tunnel than in silty sand receiving more grout.

Because grouting pressure can induce the same amount of

excess porewater pressure in saturated silty clay due to its very

low permeability, grouting pressure can be transmitted a longer

distance with less dissipation, resulting in greater vertical

box tunnel displacement than in the sandy soil with high

permeability [19,20].

FIG. 15

Relationship between HSR tunnel vertical

movement and grout take (top) due to eight

TAMs grouting (bottom).
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The designated sleeve pipe grouting for grout block C

improves soil’s strength and permeability by forcing grout frac-

turing or permeating to mix with in situ soil. However, the

greater amount of grout injected, the larger the noted heaving

to overlying structures. Therefore, the grouting strategy utilized

the washout during boring to create sufficient space to subse-

quent grouting in order to minimize overhead heaving from

exceeding safety tolerances. For instance, if one grout hole is

under boring process, then the selected adjacent grout holes are

subject to injection to neutralize the settlement from previous

boring based on the real time monitoring results. At the end of

this grouting project, the cumulative maximum vertical move-

ment of the HSR box tunnel is effectively limited to 6.3mm at

the west wall and 7.5mm at the east wall. It is the author’s opin-

ion that if high pressure horizontal jet grouting had been con-

sidered instead of low pressure grouting as the method to

construct grout blocks B and C, it would have facilitated easier

soil improvement by replacing in situ soil with cement based

grout, and as a result minimizing vertical movement of the

overlying box tunnel provided that the back-flow during drilling

and grouting is properly controlled.

Summary and Conclusions

Based on the above discussion and data about the interaction

between various grouting activities and the effect upon the over-

lying box tunnel, the following conclusions can be drawn:

1. The monitored results upon the overlying box tunnel
were within the specified safety tolerance limit during the
construction of an access lift shaft adjacent to an existing
box tunnel diaphragm wall, horizontal grouting to build
grout block B and C, creation of tunnel eyes, and the
removal of the H-beams left within the soil mixing wall.

2. The use of a large diameter 196-mm guide casing with
three concentric drill pipes measuring 152, 118, and

89mm with the use of associated hardware such as three
packers and 2 one-way valves successfully permitted long
distance horizontal wash boring through diaphragm walls
and steel H-beams and facilitated the grouting afterwards.

3. The grouting strategy utilized for grout block C of
injecting a borehole adjacent to an area undergoing active
boring allows the individual effect of either process alone
to cancel each other out or minimize the heave and settle-
ment of adjacent structures according to real time
measurements.

4. The use of dual tube grouting on block B allowed an easy
and effective method to inject either quick set grout or
slow set grout through a computer controlled valve.

5. Wash boring process in sandy soil causes more soil wash-
out and larger settlement than in clayey soil. In saturated
clayey soil, the grouting pressure can induce the same
amount of excess porewater pressure due to very low per-
meability of the soil, so the grouting pressure can be
transmitted over a larger distance without dissipation
than in sandy soil. This can cause transmission of boring
pressure upon the adjacent box tunnel more than in the
sandy soil with high permeability.

6. The process of injection for soil improvement or excava-
tion of a diaphragm wall in very soft clayey soil can gener-
ate excessive porewater pressures that dissipate gradually,
resulting in eventual consolidation and settlement.

7. The effectiveness of the proposed grouting strategy was
verified by limiting the movement of the HSR box tunnel
to 6.3mm at the west wall and 7.5mm at the east wall. All
of these changes were within the elastic limit of the box
tunnel.
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ABSTRACT

This study focused on the ground response of clay soils in confined conditions subjected to

explosive airblast loading through small-scale field experiments. Laboratory testing was also

performed to characterize the soils used during field testing and obtain material properties

for future work. A total of 33 suspended explosive blasts were conducted with explosive

masses ranging from 0.9 to 100.9 g and two heights of suspension of 2.5–7.6 cm above the

clay surface. The field instrumentation consisted of subsurface triaxial geophones and

surface airblast sensors. Results of the study included surface crater geometry

measurements, ground vibration data, and air overpressure data. Crater diameters ranged

from 3.8 to 22.9 cm, while crater depth ranged from 0.8 to 8.4 cm. Crater volumes ranged

from 32.1 to 1720.6 cm3. Peak particle velocity (PPV) decreased with depth and ranged from

1.0 to 40.2 cm/s. The results of the experiment provided a data set that could be used to

predict the effects of airblast loads on clay soils.

Keywords

explosive airblast, cratering, ground vibration, clay soil, small scale blasts

Introduction

Airblast events from explosive detonations near earthen materials result in a high-stress, dynamic

loading that may make many earthen structures, such as slopes and walls, susceptible to failure.

Such a situation may occur with the detonation of explosives contained within a vehicle. A high

yield blast event of this nature could induce large scale ground surface deformations and
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potentially result in structural failure. It is therefore of interest

to investigate the effects of airblast loading on earthen

materials.

Previous studies of explosive blast loading on soils have

generally included empirically derived relationships to relate

explosive quantity to the dimensions of a crater formed by the

detonation. In addition, studies that involve blast loading of soil

structures have generally been performed by government organ-

izations and the results are not open source information. Data

for elevated explosive blasts on soils are sparse. Studies typically

group results from many different soil types without extensive

laboratory tests to characterize the soils.

Most published airblast data is presented in terms of scaled

distance. A common method of scaling the effects of open air

detonations is the Hopkinson–Cranz scaling law [1] as shown

in Eq 1. This relationship states that a similar explosive energy

is generated when two different explosive masses with identical

geometry are detonated in the same atmospheric conditions,

allowing the distance from an explosive charge mass to be

expressed in terms of a scaled distance. The method provides a

useful way to compare blast energy from explosive events with

varying explosive charge weight and distances.

SDh ¼ h=W1=3
(1)

where:

SD¼ the scaled distance above the ground surface (m/kg1/3),

h¼ the blast height above the ground surface (m), and

W¼ the equivalent mass of TNT (kg).

During an airblast event, soils are subjected to air-induced

ground shock, which compresses the ground surface and sends

a pressure pulse into the subsurface soils. Ground motions are

generally downward, with maximum motion at the ground sur-

face and attenuating with depth [2]. Ground motions from a

blast event are affected by distance from the blast source and

the explosive charge mass. Extensive empirical site studies have

been performed for mining applications to determine a predic-

tive relationship between these factors. This relationship,

termed the “Propagation Law,” was developed by the U.S.

Bureau of Mines [3] by plotting vibration data versus scaled dis-

tance on log–log coordinates and determining an attenuation

data fit by least squares methods as shown in Eq 2. The maxi-

mum ground motion for numerous blast events was described

through the peak particle velocity (PPV) in the vertical direc-

tion, which is the maximum vertical ground motion perpendic-

ular to the horizontal ground surface. The attenuation of air

overpressures is similarly described by Eq 2. PPV values are

commonly used in construction vibration standards to prevent

damage to structures by specifying allowable blast and

construction-induced vibration limits [4].

PPV ¼ K SDð Þ�b(2)

where:

PPV¼ the peak particle velocity in the vertical direction

(cm/s),

SD¼ the scaled distance from blast (m/kg1/3),

K¼ the K-factor, and

b¼ the attenuation exponent.

The K-factor describes the relative magnitude of explosive

energy coupled into the ground at the blast site and is defined

as the intercept of the attenuation trendline at an SD value of 1.

The K-factor is highly dependent on site geology and must be

experimentally derived for a specific site through the measure-

ment of blast-induced ground vibrations [3]. The slope term, b,

describes the rate of decay in PPV with distance from the blast.

Large values of b result in a steep slope and indicate that the

energy from the blast is absorbed quickly and that blast vibra-

tions do not attenuate to far distances. A slope approaching

zero indicates far-attenuating blast energy.

A schematic of the crater geometry from an explosive event

is shown in Fig. 1. An explosion generates a large amount of

energy (in the form of a shock wave and generation of gaseous

products) in a very short period of time [5]. The explosion first

generates an initial shock that scours and compacts the soil,

resulting in plastic flow and the formation of an initial, “true”

crater [6]. Detonation gases are infused into the ground and

eject soil (termed “ejecta”) into the air as they expand. The

direction of the soil particle velocity reverses as a rarefaction

wave travels into the compressed material and forms more

ejecta [7]. Some of the ejecta are deposited back into the true

crater as fallback, and the resulting crater geometry after this

event is termed as the apparent crater [6].

Relationships have been suggested that correlate crater

depth (d), diameter (D), and volume (V) of displaced materials

with charge mass (W). A well-known study of air-blast explo-

sions on soils was performed by Kinney and Graham [1], who

compiled the results of 200 accidental, large magnitude surface

explosions on soils and developed an empirically derived equa-

tion that predicted an apparent crater diameter to be equal to

80 % of the cubed root of the explosive charge mass.

Ambrosini et al. [8] performed a series of small scale field

explosions with spherical charges on in situ, clay, and silt soils

with varying material properties with depth. An empirical

FIG. 1 Crater geometry from an explosive event [6].
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relationship incorporating explosive mass, height of burst, and

crater diameter was developed based on the experimental

results. The relationship showed an increase in crater diameter

with increasing explosive mass and decreasing blast height.

Numerical studies have also been used by Ambrosini and Luc-

cioni [9] to form predictive relationships of crater diameters

from spherical surface blasts.

Various empirical relationships were proposed to relate the

ratio of crater diameter to depth for surface blasts. Kinney and

Graham [1] suggested that the crater depth is approximately

one quarter of the diameter for surface blasts. Vortman [10]

compiled results from surface high explosive blasts in soils and

developed a relationship between the ratio of apparent crater

radius to depth versus explosion energy. The ratio increased

with increasing explosive energy and was found to vary based

on site soil conditions.

Objective and Scope

The objective of the present study was to obtain ground

response data in terms of crater dimensions and ground vibra-

tions of clay soils in confined conditions subjected to explosive

airblast loading through small-scale field experiments. The field

tests were performed on a horizontal surface of soil of uniform

compaction and moisture content. Crater geometry results were

obtained after each blast and vibration data was obtained from

velocity transducers embedded into the clay soils at varying

depths below the test site. Laboratory tests were conducted to

characterize the soil properties for use in material models for

future finite element simulations.

Experimental Methodology

The study comprised two parts: first, laboratory testing was

conducted to characterize the soils utilized in the experiments

and second, small-scale explosive blasts were conducted on

low-plasticity clay soils. The soil used in the experiments was

commercialized clay manufactured from claystone brick dust

mixed with a small amount of fine sand. The clay was manufac-

tured as relatively homogeneous blocks with a consistent

density, moisture and fine sand content.

LABORATORY TESTING

The laboratory tests consisted of geotechnical identification tests

and triaxial compression tests performed in accordance with

ASTM standards. The tests were conducted to characterize the

clay-rich soils used in the explosive blast experiments. The

results of the laboratory tests will be used as input values for

material models in future finite element simulations of earthen

materials under blast loading. Geotechnical characteristics

corresponding to average values for the clay soil are shown in

Table 1. The laboratory tests indicated that the tested clay-rich

soil was classified as Lean Clay (noted CL) with trace fine sand

content based on the ASTM D2487-11 [11].

The undrained shear strength is generally used to charac-

terize the response of soils subjected to explosive blast loading

because drainage does not occur during the abrupt shock

loading event [16]. Studies have shown that even drained soil

specimens remain in an undrained condition during rapid tran-

sient loading because there is not enough time for drainage to

occur [17]. The unconsolidated-undrained (UU) triaxial test is

an appropriate method to capture the response of soil to explo-

sive loading as it can be used to obtain undrained shear strength

parameters [18]. In UU triaxial tests, drainage is not permitted,

pore pressures do not dissipate, and consolidation of the soil

does not occur.

Unconsolidated-undrained triaxial tests were performed

on the clay-rich soils used in the explosive blast experiments

in accordance with ASTM D2850-03a(2007) [19]. The

Mohr–Coulomb shear strength envelope obtained from testing

is shown in Fig. 2. The triaxial tests were performed on three

soil samples with saturation levels ranging 96.1 %–98.9 %. Con-

fining pressures of 11.7, 23.5, and 28.7 kPa were used to repre-

sent the range of overburden stress on the clay soils during the

experiments as described later in this report. An axial strain rate

of 1 % per minute was used for the tests, and the failure of the

soil was defined as the maximum stress difference observed dur-

ing testing or the deviator stress at 15 % axial strain, whichever

was obtained first, based on ASTM D2850 [19]. This resulted in

a cohesion value, c, of 23 kPa. The partially-saturated conditions

and the trace sand content of the soil resulted in a friction angle,

u, of 4�.

EXPLOSIVE BLAST TESTING

A total of 33 explosive blasts were conducted on the homogene-

ous and low-plasticity clayey soil previously characterized to re-

cord airblast measurements. Of these, 24 tests in three series

were performed to measure ground motions and record crater

dimensions. The experimental configuration of the explosive

blast tests is shown in Fig. 3. A pit was excavated in situ in a silty

sand with gravel soil (characterized according to Ref. [11] as

TABLE 1 Geotechnical properties of clayey soils used in experiment.

Parameter ASTM Standard Result

Dry density ASTM D2487-11 [12] 1.5 g/cm3

Saturation ASTM D2487-11 [12] 98.0 %

Moisture content, A and
C blast series

ASTM D2216-10 [13] 28.8 %

Moisture content, B blast
series

ASTM D2216-10 [13] 36.6 %

Liquid limit (LL) ASTM D4318-10e1 [14] 35

Plasticity index (PI) ASTM D4318-10e1 [14] 15

C0.075 mm (% passing
0.075mm)

ASTM D1140-00(2006) [15] 92 %
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SM) to a depth of 1.5m below the ground surface (bgs). The pit

was filled with 15 cm of loosely compacted site soil.

A cylindrical cardboard form with a 30 cm diameter and

length of 1.2m was placed in the excavation and backfilled with

clay. The form was lined with plastic sheeting to avoid moisture

loss in the clay. The clay was backfilled in small lifts and gently

tamped with a tamping rod to mold to the shape of the form

and maintain a consistent density. This process was continued

until the form was entirely filled with clay. The form was left in

the ground during the experiments and was not removed due to

the impracticality of extraction after it was filled with clay. It

was assumed that the cardboard form would have a minimum

impact on the experiment results from vibration reflections due

to its low density.

Five triaxial geophones (Fig. 4) were placed in a vertical

array within the clay column during the backfill process at

depths of 0.2, 0.5, 0.8, 1.1, and 1.2m bgs. The geophones had a

frequency response between 2 and 250 Hz. A surface array of

FIG. 2

Shear strength envelope obtained from

triaxial compression testing.

FIG. 3

Experimental configuration of explosive blast

tests.
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airblast sensors (Fig. 5) was placed on the ground surface to

measure air overpressure from the blasts. The distance of the

airblast sensors ranged from 1.6 to 7.8m from the blast source.

Seismographs were connected to the geophones and airblast

sensors to record ground vibration and air overpressure.

The annular space between the cardboard form and the

excavated pit walls was backfilled with the sandy soil from the

site placed in a loosely compacted condition with an average

total density of 1.6 g/cm3 to minimize vibration reflections back

into the clay column. A 0.9 by 0.9 by 14 cm wooden frame was

placed on top of the clay column and backfill sand and filled

with clay to create a superficial clayey pad large enough to cap-

ture blast-induced crater geometries. The base of the clayey pad

was lined with plastic sheeting where it came into contact with

the dry sandy soil to avoid moisture loss of the clay.

Spherical charges of a two-part binary explosive consisting

of solid ammonium nitrate oxidizer and flammable liquid nitro-

methane [20] were utilized in the experiments. The explosive

had an approximate 85 % TNT equivalence. The two compo-

nents were mixed together, placed into plastic bags, hand-

molded into a spherical shape, and detonated with an electric

detonator containing 0.9 g of explosive.

The explosive charges were suspended above the clay sur-

face using PVC rods and string as shown in Fig. 6. The suspen-

sion of the charges was configured so that the explosive

remained stationary if breezy weather conditions arose. Two

suspension heights of the explosive above the ground surface

were used for the tests and were selected to be within a general

range that replicated a scaled version of the energy of an equiva-

lent TNT explosive mass, W of 2270 kg (5000 lbs) and a blast

height, h of 0.8m (2.5 ft). This information was used to calculate

a blast height that was scaled down to the explosive masses

used in the experiments. A target scaled distance, SD value of

0.06m/kg1/3 was therefore calculated using Eq 1 for the experi-

ments in this study.

Table 2 presents the test matrix for the blasts conducted in

the study with two constant blast offset heights, h, of 2.5 and

7.6 cm and explosive mass, W, ranging from 0.9 to 100.9 g to

obtain scaled distances, SD, from 0.07 to 0.28m/kg1/3. It was

not possible to conduct experiments with SD values smaller

than 0.07m/kg1/3 since this would have required a larger explo-

sive mass that could have damaged the shallowest geophone

buried within the clay column. The experiments were con-

ducted over the course of three separate days. The blasts were

conducted in three series according to blast height and moisture

conditions:

• Blast series A were performed with h¼ 7.6 cm, dry
weather, and a relatively stable clay moisture content of
28.8 %.

• Blast series B and C were performed with h¼ 2.5 cm. The
B blast series were performed on under rainy and snowy
weather conditions. While the clay did not freeze during
the tests, the moisture content of the upper surface of
the clay pad increased to 36.6 %. Therefore, a new series
of tests designated as the C blast series were performed
during dry weather so that the soil moisture conditions
were the same as the A series tests and results could be
directly compared.

FIG. 4 Triaxial geophone installation in clay column.

FIG. 5 Surface airblast sensor.

FIG. 6 Explosive charge suspended over the clay surface (a view of

approximately 20� to the surface of the clay).
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The explosive blasts displaced the clay surface pad and

formed craters as shown in Fig. 7(a). The crater dimensions

were measured after each blast as shown in Fig. 7(b) using a

profiling tool that was placed inside the crater to capture the

true diameter, DT, apparent diameter, DA, and depth, d. Diame-

ter measurements were taken in two perpendicular directions

(North to South and East to West) across the crater and traced

onto cardboard to capture the profile shape. Profiles for some of

the larger blasts were not fully captured because the depth of

the crater exceeded the physical dimensions of the profiler.

However, the diameters and depths were still measured for

these craters and the profile shape was estimated from these

measurements and crater photos.

After each blast, new clay was placed back into the crater,

remolded to the approximate original density, and smoothed to

a flat surface. The surface of the clayey pad was covered with

plastic sheeting until immediately prior to the start of each

experiment and intermittently sprayed with a water mist to

maintain the moisture content.

The two-dimensional crater profiles measured with the pro-

filer tool during testing were digitized into an electronic format

using a computer aided drafting software [21] and rotationally

swept in the software to form a three-dimensional crater shape.

The crater volume was calculated along the true diameter and

depth using the three-dimensional shape. An example of a

crater profile and volume is shown in Fig. 8.

Results and Discussion

CRATER GEOMETRY RESULTS

The average dimensions of the craters across the perpendicular

profiles are presented in Table 3. The table includes true diame-

ter (DT), apparent diameter (DA), crater depth (d), crater vol-

ume (V), and an empirical crater volume parameter (VC). The

empirical crater volume parameter relates the ratio of true

diameter and depth to explosive mass, similar to the approaches

of Kinney and Graham [1] and Vortman [10]. The volume

parameter scales the crater dimensions to explosive energy and

is useful because diameter and depth measurements (as opposed

to volume) are easily attainted during field experiments. The

volume parameter was calculated with Eq 3 and the results are

presented in Table 3.

Vc ¼ DT= d �Wð Þ(3)

TABLE 2 Test matrix for experimental blasts (h¼ the blast height,

W¼ the explosive mass, SD¼ the scaled distance, w¼ the

soil moisture content).

Blast
Series h (cm)

Blast
Number Wa (g)

SD
(m/kg1/3) w (%)

A 7.6 A-1 5.9 0.422 28.8

A-2 20.9 0.277

A-3 25.9 0.258

A-4 30.9 0.243

A-5 38.9 0.225

A-6 45.9 0.213

A-7 50.9 0.206

A-8 65.9 0.189

A-9 80.9 0.176

A-10 90.9 0.169

A-11 100.9 0.164

B 2.5 B-1 0.9 0.265 36.6 (wet clay)

B-2 5.9 0.141

B-3 10.9 0.115

B-4 20.9 0.092

B-5 30.9 0.081

B-6 40.9 0.074

B-7 50.9 0.069

C 2.5 C-1 0.9 0.265 28.8

C-2 10.9 0.115

C-3 20.9 0.092

C-4 30.9 0.081

C-5 40.9 0.074

C-6 50.9 0.069

aThe explosive mass includes an additional 0.9 g of explosive for the
detonator.

FIG. 7

(a) Plan view of crater formed on the clay

surface after an explosive blast and (b)

Post-blast crater profile measurement.
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where:

Vc¼ the crater volume parameter (kg�1),

DT¼ the true crater diameter (cm),

d¼ the crater depth (cm), and

W¼ the explosive mass (kg).

The true crater diameters, DT, ranged from 3.8 to 22.9 cm,

while apparent crater diameters ranged from 4.4 to 25.5 cm.

Crater depth, d, ranged from 0.8 to 8.4 cm and volume, V from

32.1 to 1720.6 cm3. True crater diameter to depth ratios varied

widely for the A blast series, with crater diameters approxi-

mately 2–16 times the crater depth. Diameter to depth ratios

were more consistent for the B and C blast series, with some

diameters of 2–6 times the crater depth for the B blast series

and 2–3 times the depth for the C blast series.

The blast test A-1, with an explosive mass of 5.9 g, did not

create a crater. The blast test A-3 created a double crater shape

with a significant spall lip and was considered to be an outlier

to the experimental results. Because of the irregular shape of the

A-3 crater, it was not included in the analyses and the volume

could not be calculated.

Figure 9 contains various plots of crater dimensions scaled

with charge weight. The relationships between the crater geom-

etry, the charge mass, W, and blast height, h, were investigated

by plotting the volumes generated from the crater profiles ver-

sus the scaled distance, SD as shown in Fig. 9(a). The data are

separated by blast series with power trendlines. The R2 value

shown in the figure is the correlation coefficient and describes

how well the equation fits the data, with an R2 value of 1.0 indi-

cating an exact fit. The data exhibited strong trends as shown

by R2 values ranging from 0.95 for the B blast series to 0.99 for

C blast series. Each blast series exhibited a trend of increasing

crater volume with explosive mass. The B and C blast series

with h¼ 2.5 cm exhibited larger crater volumes, V, than the A

blast series with h¼ 7.6 cm, showing the larger amount of

energy deposited into the ground surface with the blast charge

located closer to the ground.

A plot of VC versus SD is presented in Fig. 9(b). The B and

C blast series resulted in larger crater volume parameters than

the A blast series. This was especially evident with larger values

FIG. 8 Crater profile and volume for Blast C-3.

TABLE 3 Crater geometries from experimental blasts (DT¼ the true

diameter, DA¼ the apparent diameter, d¼ the depth,

V¼ the volume, Vc¼ the volume parameter).

Blast
Number DT (cm) DA (cm) d (cm) V (cm3) Vc (kg

�1)

A-1 No crater created

A-2 11.8 13.8 0.8 32.1 753.9

A-3 3.8 4.4 1.9 Not calculateda Not calculateda

A-4 14.7 15.6 1.3 90.0 361.5

A-5 15.6 19.4 1.5 137.8 267.6

A-6 18.2 19.4 1.6 169.8 241.8

A-7 20.5 22.3 1.8 186.0 222.1

A-8 18.5 19.8 3.3 346.6 84.1

A-9 22.9 24.2 2.6 468.0 110.5

A-10 22.3 25.4 5.7 921.1 42.8

A-11 22.8 25.5 4.3 930.1 52.0

B-1 6.1 7.3 2.8 54.2 2432.2

B-2 8.1 8.7 2.1 57.7 667.2

B-3 10.3 10.8 1.6 51.1 586.7

B-4 12.8 14.3 4.0 328.1 152.3

B-5 14.3 15.5 2.8 307.3 156.1

B-6 22.4 24.6 6.9 1452.6 79.8

B-7 21.6 23.2 7.5 1564.0 56.4

C-1 6.7 8.4 3.1 64.2 2425.9

C-2 9.1 11.2 2.8 83.1 297.6

C-3 14.4 15.9 4.5 316.4 154.1

C-4 16.3 17.9 6.3 801.3 83.6

C-5 20.7 25.5 7.6 1452.6 66.7

C-6 20.9 24.4 8.4 1720.6 48.9

aBlast A-3 crater volume was not calculated due to irregular crater shape.
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of scaled distance, where volume parameters for the B and C

blast series were more than three times larger than the A blast

series. The power trendlines in Fig. 9(b) exhibited a slight varia-

tion between the B and C blast series, indicating that the

increased moisture content on the soil surface affected the

resulting crater geometries. The wet soil present in the B blast

series resulted in larger crater volumes and somewhat more

data scatter than the C blast series. Volume parameters for both

series were similar for SD¼ 0.1m/kg1/3 or less, but diverged at

SD � 0.12 to 0.14m/kg1/3.

The true crater diameters, DT, and scaled explosive mass,

W, were normalized by blast height, h, to obtain a predictive

relationship as shown in Fig. 9(c). A linear trendline (Eq 4) was

fit to the data with an R2 value of 0.97. This equation provides

an empirical relationship between crater dimensions and scaled

explosive mass for clay soils. This approach is similar to the em-

pirical relationship developed by Kinney and Graham [1] and

incorporates the blast height into the function based on the

approach of Ambrosini et al. [8]. The blast test A-3 was consid-

ered an outlier and was not used in the data fit. Crater diameters

increased with increasing explosive mass, W, and also increased

with decreasing blast offset height, h, with the largest crater

diameters corresponding to the B and C test series with

h¼ 2.5 cm.

DT=h ¼ �0:4528þ 0:5806W1=3=h R2 ¼ 0:97(4)

where:

DT¼ the true crater diameter (cm),

h¼ blast height (cm), and

W¼ the explosive mass (kg).

VIBRATION AND AIRBLAST RESULTS

Airblast time histories were constructed from peak air overpres-

sure data obtained from the surface airblast sensors and the

velocity time histories were constructed from ground motion

data recorded by the subsurface geophones. An example of the

PPV obtained from a velocity time history record from a sub-

surface geophone is shown in Fig. 10(a). The PPV value is the

maximum ground motion observed during the time history.

Several of the blasts with larger explosive masses generated

maximum ground motion that exceeded the capacity of the

near surface geophones. PPV values were still obtained from the

ground motion histories for some of these instances by

FIG. 9

(a) Crater volume versus scaled distance, (b)

Crater volume parameter versus scaled

distance and (c) Crater diameter to blast

height ratio versus scaled explosive mass.
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extrapolating the data curve to estimate the peak ground

motion as shown in Fig. 10(b). This method was performed on

data curves that had a clear shape and were not overly distorted

from excessive ground motions.

Ground vibration attenuation curves were created by

plotting PPV obtained at each geophone location against the

scaled distance, SD (computed using Eq 1 and changing h by

D, the distance of the geophone to the blast source) as shown

in Fig. 11(a). Attenuation trend lines (described by Eq 2) were

fit to the ground vibration data to quantify vibration attenua-

tion and to indicate the amount of energy generated by

the blast.

FIG. 10 (a) Example of peak particle velocity (PPV) obtained from velocity time history and (b) extrapolated PPV value obtained from exceeded capacity geophone

data.

FIG. 11 (a) Vertical PPV versus scaled distance SD for subsurface sensors and (b) the air overpressure AOP versus scaled distance SD.
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The PPV values shown in Fig. 11(a) ranged from 1.0 to

40.2 cm/s and decreased with depth as indicated by the attenua-

tion trend line. The energy generated by the blasts as described

by the K-factor was 25.21. The data exhibited a moderate

amount of scatter with an R2 value of 0.73. The data points

presented in the figure did not exhibit a trend based on the

different blast series, which had two different blast heights. This

indicated that the scaled distance (explosive mass scaled by

distance from the blast to the geophone) is a representative

parameter to describe the ground vibration attenuation. PPV

results also did not appear to be impacted by the moisture con-

ditions of the clay on the ground surface for the B blast series,

indicating that the additional moisture added to the topsoil by

the wet weather conditions did not permeate the clay column

where the geophones were embedded.

Figure 11(b) shows a plot of air overpressure, AOP, versus

scaled distance, SD, obtained from the airblast sensors for the

blasts performed in this study. The air overpressures ranged

from 0.6 to 18.2 kPa and decreased with distance from the blast.

The data was fit by the power Eq 5. While there was some

scatter to the airblast data as shown in the figure, a relatively

good data fit was obtained with an R2 value of 0.83.

AOP ¼ 72:73SD�1:16 R2 ¼ 0:83(5)

where:

AOP¼ the air overpressure (kPa), and

SD¼ the scaled distance from blast (m/kg1/3).

Conclusions

This study examined the effects of small scale airblast experi-

ments on clay soils to obtain relationships for ground vibration

attenuation and crater geometry with explosive mass and offset

height. Thirty-three small scale blasts were conducted to record

airblast measurements. Of these, 24 tests were performed to

measure ground motions and record crater dimensions with

offset heights of 2.5 and 7.6 cm above the ground surface and

explosive masses ranging from 0.9 to 100.9 g. The experiment

results provided a data set with which to predict the results of

small airblast loads on clay soils.

Vibration attenuation trend lines were fit to vertical PPV

versus scaled distance from the blast source. PPV decreased

with depth and ranged from 1.0 to 40.2 cm/s. The energy gener-

ated by the blasts as described by the K-factor was 25.21. True

crater diameters ranged from 3.8 to 22.9 cm, whereas apparent

crater diameters ranged from 4.4 to 25.5 cm. Crater depth

ranged from 0.8 to 8.4 cm and volume from 32.1 to 1720.6 cm3.

Plots of crater volume, V, and volume parameter, Vc, versus

scaled distance, SD, were constructed with power trendlines fit

through the data. Crater volume increased with explosive mass

and was larger for blasts located closer to the ground surface

when more energy was coupled into the ground. Increased

moisture content in the clay soils resulted in slightly larger Vc

values and more data scatter. Crater diameters and scaled explo-

sive mass were normalized by blast height to obtain a predictive

relationship for crater geometry with known blast height and

explosive mass. Crater diameters increased with decreasing blast

offset height, h, when more energy was coupled into the soil.

Recommendations for future work include comparison of

experimental results with numerical solutions obtained through

finite element simulations. The objective of the future work

will be to validate soil material models within a numerical

framework.
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ABSTRACT

Due to the low stiffness of the steel U-shaped girders of composite structure during

incremental launching construction, special measures should be taken before the installation

of the concrete deck. In this paper, the structural performance of steel U-shaped girder

during launching construction was evaluated. The geometric configuration of the steel

U-shaped girder was analyzed via transfer matrix method firstly. Then a local stress

controlling strategy was developed based on a comprehensive finite element analysis of

local stress characteristics. The comparison between predictions and in situ measurements

of a large bridge project indicated the validity and accuracy of the proposed method.

Keywords

incremental launching construction, geometric configuration, composite structures, transfer matrix

method

Introduction

Due to the high stiffness, superior strength, and low self-weight, steel-concrete composite box

girders provide an economical solution for both straight and curved continuous bridges [1,2]. The

steel girder and concrete deck cooperate with each other through the shear studs welded to the top

flanges of the girders. Nowadays, the number of steel-concrete composite box girder bridges has

been gradually increasing in several countries, especially in China for medium span bridges.

During the construction of steel-concrete composite box girders in a bridge, the incremental

launching method is usually adopted. The incremental launching method was first successfully

introduced by Loenardt in 1961 [3]. Based on the in-suit construction experiences, the multi-point

incremental launching method in the form of wedge type [4] and draw type [5] is normally
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recommended. This technology requires no huge lifting equip-

ment and little framing work, thus greatly reducing the site

workload [6]. In the case of a steel-concrete composite box

girder, the incremental launching method is a favorable choice

for the following reasons: first, the girder can be either initially

installed as a platform for further in-suit deck casting or

installed simultaneously when the deck is assembling in the fac-

tory, both of which can increase the construction speed. Sec-

ondly, the light weight and low stiffness of the girder ensure a

safe and quick self-tolerance in incremental launching. There-

fore, the incremental launching method is expected for a com-

posite bridge because of technical and economic benefits.

For steel-concrete composite box girder, the steel girder is

an open U-shaped section with very low stiffness before installa-

tion of the concrete deck during launching construction. The

flexural stiffness of the steel girder is smaller than that of the

completed girder section, which results in a large deflection of

the steel girder. With these peculiar features, the structural per-

formance of steel-concrete composite box girder during con-

struction should be well understood. The evaluation of

geometric configuration, deformation, and stress of the steel

U-shaped girder under construction load is needed to ensure

the construction safety. Meanwhile, due to the small thickness

of the bottom flange of the steel U-shaped girder, some meas-

ures should be taken to prevent local yielding.

In this paper, the structural performance of the steel

U-shaped girder during incremental launching construction is

evaluated. First, four kinds of construction states during incre-

mental launching are briefly introduced. Then the transfer

matrix method is employed to conduct the geometric configura-

tion analysis, and a detailed local stress analysis is performed to

check the stability of bottom flange of box girder. Finally, the

displacement and stresses measured in the field are compared

with the computed results from analyses.

Construction States of Steel

U-Shaped Girder During

Incremental Launching

During the launching of steel-concrete composite girder, the

construction states of the steel girder can be categories into four

kinds. The first state is the design state, which is supposed to

occur when launching is finished. The second state is the stress-

free state where the girder is stress-free. Both of the above-

mentioned states are unlikely met in real practice. The other

two states, named the assembly state and launching state, refer

to the construction state when the girder is under assembly and

launching, respectively. The assembly state and launching state

are the possible construction states during construction. The

relationship between those four states is illustrated in Fig. 1. It is

shown that the stress-free state, which the analysis of the assem-

bly state and launching state is based on, can be back-analyzed

FIG. 1 Relationship of four geometric configuration states.

FIG. 2 Pre-assembly angle of steel U-shaped girder segment.

FIG. 3 Adjustment of slope angle of the final segment of launched girder.

FIG. 4 Finite element model.
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from the design state. Therefore, the four states are closely

related to each other.

Geometric Configuration

For the completed structures, the geometric configuration of the

girder should match the design shape within a certain limit.

Therefore, the geometric configuration of the bridge needs to be

characterized beforehand as early as in the assembly state. For

this purpose, the controlling parameters, the pre-assembly angle

h as shown in Fig. 2, and the angle at the rear end of the front

girder segment aci as shown in Fig. 3, should be identified first.

In order to improve the construction efficiency, the straight

girder units are assembled in the planned curve shape, as shown

in Fig. 2. The pre-assembly angle h is a parameter to character-

ize angular discontinuities at each splices.

Suppose the value of pre-assemble angle is positive when

the right section rotating clockwise relative to the left section.

The pre-assembly angle hi at any control point can be calculated

using the following equation:

hi ¼ arctan
HN

i �HN
i�1

SNi � SNi�1

� �
� arctan

HN
iþ1 �HN

i

SNiþ1 � SNi

 !
(1)

where SNi and HN
i represents mileage and elevation of the con-

trol point i under stress-free state, respectively. The pre-

assembly angle is relevant to the degree of bending of the

unstressed geometry and is independent of the coordinate sys-

tem selected. With the aid of hi, the sizing of the girder is

determined.

Another parameter, the angle at the rear end of the front

segment aci as shown in Fig. 3, is introduced to determine the

specific position of each segment when assembling. As shown in

FIG. 5

Results of different contact boundary types.

FIG. 6 Arrangement of the transition pad.

FIG. 7 Launching equipment.
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Fig. 3, the front segment of the kth span on the platform is the

ith segment. When the (kþ 1)th span is a vertical curve, aci can

be calculated as follows:

k ¼ aci þ b(2)

where:

k¼ the angle between assembly baseline and the horizontal

line, and

b¼ the angle between assembly baseline and assembly yard

line.

As shown in Fig. 3, in which k0 represents the angle

between the assembly yard line and the horizontal line, the dif-

ference between k0 and k should not exceed a certain tolerance

range. This can be accomplished by adjusting aci to a reasonable

range: k0 þ bþ d½ ��=Lkþ1;k0 þ bþ d½ �þ=Lkþ1
� �

, where d½ ��

and d½ �þ refer to lower and upper tolerance displacement of the

front girder segment, and Lkþ1 denotes the length of the

(kþ 1)th span.

After determination of the controlling parameters, the

transfer matrix method was selected for the geometric configu-

ration analysis. The transfer matrix method has been success-

fully used in structural analysis and the modern control field

[7–10].

The geometric configuration of one girder segment at each

cross section can be described by a state vector U ¼ S H I½ �T ,
where S and H refer to mileage and elevation of one section,

respectively, and a value of 1 was used to supplement the con-

struction of transfer matrix. Then each geometric configuration

in four states of the launching can be represented by UD(design

state), UN (stress-free state), UC(assembly state), or UL(launching

state). The stress-free state UNcan be derived as

UN ¼ UD þ 0 D 0½ �T(3)

FIG. 8

Span layout of the southern approach to

Jiubao Bridge (m).

FIG. 9 Standard section of the southern approach to Jiubao Bridge (unit:

cm).

FIG. 10

Incremental launching construction site.

FIG. 11 Finite element model of the incremental launching bridge.

FIG. 12 Stresses envelope diagram of bottom flange.
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where D is the camber. The value of D can be adjusted accord-

ing to the error identification results recorded during the con-

struction process.

With the help of aci of the front segment and the coordinate

between section iþ 1 and i under stress-free state, the space

state of the (iþ 1)th girder segment can be obtained by the fol-

lowing transfer matrix equation:

UC
iþ2 ¼ Tiþ1U

C
iþ1 þUd

iþ1(4)

where Tiþ1 denotes the state transfer matrix and can be written

as:

Tiþ1 ¼
1 0 liþ1 cosðaCi � hiþ1Þ
0 1 liþ1 sinðaCi � hiþ1Þ
0 0 1

2
64

3
75(5)

where liþ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSNiþ1 � SNi Þ

2 þ ðHN
iþ1 � HN

i Þ
2

q
, hiþ1 ¼ arctan

ððHN
iþ1 � HN

i =S
N
iþ1 � SNi ÞÞ� arctanððHN

iþ2 � HN
iþ1=S

N
iþ2 � SNiþ1ÞÞ,

aCi ¼ arctanððHC
iþ1 � HC

i =S
C
iþ1 � SCi ÞÞ, Ud

iþ1 is the state correc-

tion matrix caused by the variation of temperature which can

be expressed as follows:

Ud
iþ1¼½lðT�T0Þliþ1þNw0Þ� cosðaCi �hiþ1Þ sinðaCi �hiþ1Þ 0

� �T
(6)

where:

T¼ the field temperature,

T0¼ the reference temperature,

l¼ the expansion coefficient of the girder,

w0¼ the shrinkage of the welding seam, and

N¼ the number of girder segments whose position is fixed

but not welded during installation of the current segment.

The state vector of the girder segments UL can be predicted

by using Eq 4 after the axial deformation caused by prestress is

taken into account. Suppose that the number of girder segments

that have been launched is m, and the state vector at the ith sec-

tion UL
i of the front segment of launched girder on the platform

is known; hence the state vector at the (i -1)th section UL
i�1 can

be predicted by the following transfer matrix equation:

UL
i�1 ¼ UiU

L
i þUf

i(7)

where

Ui ¼
1 0 �li cos aPi þhi

� �
0 1 �li sin aPi þhi

� �
0 0 1

2
64

3
75(8)

in which

aPi ¼
arctan

HC
iþ1 �HC

i

SCiþ1 � SCi

� �
i ¼ m

arctan
HN

iþ1 � HN
i

SNiþ1 � SNi

� �
i < m

8>>><
>>>:

(9)

Uf
i is the relative displacement caused by self-weight and forced

displacement at the fulcrums, which is calculated according to

the boundary and loading conditions on site.

Local Stress Features

Stress in the contact regions between launching bearings and

bottom flanges is a major concern. Since the stress can affect

the safety of girder during launching, the local stress should be

checked and some measures should be taken for the contact

region. Two requirements for the contact regions should be

emphasized. First, the contact area should be close to the girder

web because the vertical web stiffeners can distribute support

reactions to the web to prevent local instability; secondly, the

contact area should be controlled in an appropriate size to pre-

vent bottom flanges from local yielding. Meanwhile, sufficient

friction force should be provided during launching.

A detailed finite element analysis was performed to deter-

mine the optimum size of the contact surface. The finite

FIG. 13 Stresses envelope diagram of top flange.

FIG. 14

Strain monitoring sections of the superstructure

(Unit: m).
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element model is shown in Fig. 4. Three different contact

boundary conditions: (1) point contact condition, (2) line con-

tact condition (with contact length of 1.5m), and (3) surface

contact condition (with contact area size of 1.5m*0.5m) were

considered in order to assess the variations of the local stress.

The results of the stress calculated by three contact boundary

types were shown in Fig. 5. The maximum von Mises stress is

267, 75, and 322MPa by point contact, line contact, and surface

contact, respectively. It is demonstrated that the line contact

condition is the most favorable condition.

According to the results, some measures were taken at the

interface between launching equipment and the bridge girder.

As shown in Fig. 6, a set of transition pads was placed on the

top support bracket of the launching equipment. The thickness

and the length of the transition pad were 0.02 and 1.6m, respec-

tively. The width of the contact area was 0.15m. The thickness

and the length can be adjusted during the installation according

to the position of the bottom flange edge of the girder, so as to

make sure that the support reaction can be applied to the web

of the steel U-shaped girder. Meanwhile, a rubber plate was in-

stalled between transition pad and bottom flange to guarantee

the uniform distribution of local stress. Typical launching

equipment is shown in Fig. 7.

Structural Performance Analysis

of Jiubo Bridge

PROJECT BACKGROUND

Jiubao bridge is one of the important bridges crossing the Qian-

tang River in Hangzhou, China. This is the first large composite

bridge ever in China, with a total length of 1855m. The main

navigation span is a hybrid arch-girder structure, and the

approach span is a steel-concrete box girder structure with the

constant section shape. Considering the characteristics of the

steel-concrete composite structure, the improved incremental

launching method is adopted for the construction of the

approach span. The layout of Jiubo bridge is shown in Fig. 8.

A typical section of the steel U-shaped girder is shown in Fig. 9.

The incremental launch construction site is shown in Fig. 10.

Stress Control Section

Selection and Arrangement

of Measuring Points

The incremental launching process was simulated by structure

analysis software Midas/Civil. The superstructure was modeled

as 3D beam elements, and every launching stage was modeled

by altering the boundary conditions. The finite element model

of the bridge is shown in Fig. 11. Stress envelope diagrams of the

top and bottom flange of the girder are shown in Figs. 12 and 13,

respectively. The maximum tensile and compressive stress of

top flange of the steel U-shaped girder is �150 and 80MPa,

respectively. The maximum tensile and compressive stress of

bottom flange of the steel U-shaped girder is �72 and 126MPa,

respectively.

According to the finite element analysis (FEA) results, the

unfavorable sections of the steel U-shaped girder and the nose

girder were chosen for real-time strain monitoring. These moni-

toring sections are shown in Fig. 14. The arrangement of the

strain gauge in the steel U-shaped girder and nose girder are

shown in Figs. 15 and 16, respectively.

FIG. 15

Arrangement of measuring points of the steel U-shaped

girder.

FIG. 16 Arrangement of measuring points of nose girder.

FIG. 17 Real-time monitoring and remote transmitting system.
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In order to achieve the remote real-time monitoring of the

control sections, the strain of measuring points on the girder

was continuously sampled. The MCU-32 type of distributed auto-

matic measuring system was used for the strain acquisition. In

order to avoid interference of the data line to the construction,

GPRS instant transmission was introduced. Figure 17 shows the cor-

responding real-time monitoring and remote transmitting system.

COMPARISON OF GEOMETRIC CONFIGURATION

Figure 18 shows the comparison between the measured and cal-

culated deformation of the girders. It is found that the measure-

ments agree reasonably well with the computed results.

The geometric configuration of the launched girder is

measured and shown in Fig. 19. From the comparison with the

computed elevation, the proposed transfer matrix method

shows superiority in accuracy.

Figure 20 shows the predicted elevation of the girder unit in

a vertical curved shape. Considering b is often ignored in tradi-

tional incremental launching method, the predicted elevation of

the girder unit when b is assumed to be zero is also demon-

strated for comparison. It can be noticed that errors, normally

within 1 cm, can be as large as approximately 2.3 cm if b is

ignored, which may result in the secondary stresses and is a

potentially danger to the stability of the bridge.

COMPARISON OF STRESS RESULTS

Figures 21–23 show the stress of monitoring sections in con-

struction, in which D refers to the launching distance of the

FIG. 18

Deformation after each round of

incremental launching.

FIG. 19 Relatively elevation after completion of incremental launching. FIG. 20 Relatively elevation when angle b is ignored.
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FIG. 21 Stresses in section 1.

FIG. 24 Stresses of monitoring section in nose girder.

FIG. 22 Stresses in mid-span section between PS2 and PS3.

FIG. 23 Stresses in mid-span section between PS3 and PS4.
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corresponding construction round. It is seen from these figures

that the predicted stress agrees well with the measured stress. In

section 1, the stresses in the bottom flange fall into the range of

�41.5 and 58.1MPa, and the stresses in the top flange fall into

the range of �94.7 and 41.2MPa. For the mid-span section

between PS2 and PS3, the stresses in the bottom flange fall into

the range of �94.9 and 12.3MPa, and the stresses in the top

flange fall into the range of �24.1 and 121.2MPa. The maxi-

mum compressive stress and tensile stress at the mid-span sec-

tion between PS3 and PS4 were �64.3 and 83.5MPa,

respectively. The results show that the steel U-shaped girder can

be considered as a safe structural element during the incremen-

tal launching.

The Stress of the monitoring section of the nose girder is

shown in Fig. 24. It can be concluded from the figure that the

predicted stress of the control section of the nose girder agrees

well with the measured value. During launching construction,

the stresses in the top flange fall into the range from �132.7 to

32.7MPa, and the stresses in bottom flange fall into the range

from �27.8 to 113.8MPa. Both of the maximum compressive

stress and tensile stress were smaller than the allowable values

and the nose girder; it therefore meets the strength requirement.

Conclusions

Steel-concrete composite box girders supply a competitive solu-

tion for multi-span continuous bridges. Their structural behavior

should be well understood in different construction methods. In

this paper, the structural performance of the steel U-shaped

girder in incremental launching construction was evaluated. The

geometric configuration of the steel U-shaped girder was pre-

dicted and evaluated via transfer matrix method. The determina-

tion of the size of contact surfaces between launching equipment

and bridge girder was conducted by a detailed finite element

analysis. The following conclusions can be drawn:

(1) The geometric configuration of the steel U-shaped girder
is controlled by two parmeters, i.e., the preassembly
angle and the angle aci . The geometric configuration can
be predicted with reasonable accuracy by the proposed
transfer matrix method.

(2) The size of the contact region is limited to a reasonable
range to prevent local instability and local yielding.

Stresses in the top flange and bottom flange fall into the
range of allowable stress during construction.
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ABSTRACT

This paper presents an experimental study in which laboratory tests were conducted to

investigate how the different interlayers (between the pavement surface slabs and the

bases) could improve the performances of vibration response and anti-erosion of the bases.

In the tests for vibration response of the bases, geotextile and rubber sheet were used as

the interlayers, and the micro-seismic testing system was employed to characterize the

vibration response of bases of concrete pavements beneath different interlayers under

impact loading. The vibration test results indicated that under the same impact loading,

compared with the bases without an interlayer atop, vector sum of the maximum vibration

velocity of the bases beneath a rubber sheet interlayer and two layers of geotextile

interlayer decreased by 35 % and 80 %, respectively; and vector sum of their maximum

vibration displacement decreased by 18 % and 26 %, respectively. In the laboratory tests for

anti-erosion, the bases with geotextile or emulsified asphalt slurry seal as the interlayer atop

were tested for performances of resisting water erosion via a self-made testing apparatus.

The anti-erosion test results indicated that, under the same other conditions, compared with

the bases without an interlayer atop, the erosion rate (after 12 min of testing) of the bases

with geotextile or emulsified asphalt slurry seal as interlayers atop decreased by 99 % or

59 %, respectively. The interlayer has the effects of damping vibration and resisting water

erosion on the pavement base.
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Introduction

The interlayer of cement concrete pavement refers to the layer

paved between the pavement surface slab and the pavement

base. Up to now the materials for interlayer vary in different

countries. Asphalt concrete interlayer is popularly used in the

United States, whereas the use of geotextile interlayer is

required to separate a concrete slab from a cement-treated base

in Germany [1]. In Korea, polythene sheet is used as a friction

reducer placed between the lean concrete base and the concrete

pavement slab, and, in some cases, asphalt is employed as an

alternative [2]. In China, the frequently used materials for inter-

layer may be asphalt concrete, emulsified asphalt slurry seal

(EASS), geotextile, emulsion wax curing agent (EWCA), etc., as

shown in Fig. 1.

What has almost been acknowledged universally is the

necessity to lay an interlayer between the cement concrete slab

and the rigid or semi-rigid base layer [3–5]. But disputes exist

about issues such as the technical term for interlayer, the

engineering requirements for using different interlayers, the

materials for interlayer, the criteria for acceptance inspection of

its construction, the option of its thickness, the long-term per-

formances of interlayer and of pavements with interlayer, etc.

For instance, Ref 4 emphasizes that the thinner the interlayer

the better, whereas Ref 6 remarks that it would be more effective

if a thicker flexible interlayer is used as a damper. The key to

existence of the above-mentioned confusion is the uncertainty

of some functions of interlayer. The possible functions played

by the interlayer are still waiting for a systematic study. As a

consequence, regular practice or experience has usually been

employed as the guideline for design and construction of inter-

layer in practical pavement projects.

Up to now, the reports on functions of interlayer have uni-

versally focused on breaking the bond of the pavement slab

from the base [7], reducing friction at the interface between the

slab and the base [8], restraining reflected cracking [9], etc. The

effect of interlayer on the performances of the pavement base

has rarely been reported, if at all, the reports limited to the qual-

itative analysis. For example, Ref 10 reports that the interlayer

can offer protection to the base when the pavement is under

construction. It was identified in the Project of Upgrading

Reconstruction of Qingyuan-Lianzhou Highway in Guangdong

Province that the long-time exposure of base surface to traffic of

construction vehicles has led to abrasion and even defects of

base surface such as potholes or protrusion of the aggregate par-

ticles on the surface of the base (as shown in Fig. 2(a)). Consid-

ering the functions of interlayer such as separating surface slab

from base and protecting base, solutions to the above-

mentioned problems were proposed: (1) to the base (a) whose

surface with poor quality, or (b) with more than 30 % of the

inspected area full of defects such as potholes or protruding ag-

gregate stones, or (c) which had to be temporarily open to traf-

fic after reaching a certain strength after construction, 1-cm-

thick EASS was placed atop those bases as the interlayer; (2) to

the base with less than 30 % of the inspected area full of afore-

mentioned defects, cement mortar, or asphalt mortar was used

to patch the local defects first and then EWCA was sprayed

atop the base as the interlayer (as shown in Fig. 2(b)); and (3) to

FIG. 1

(a) Interlayer of emulsified asphalt slurry seal after

construction; (b) construction of interlayer of

geotextile; (c) construction of interlayer of emulsion

wax curing agent; and (d) the continuous film

formed by emulsion wax curing agent atop the

surface of base.

YAO ET AL. ON EFFECT OF DIFFERENT INTERLAYERS 435

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



the base surface with cracks, asphalt felt was used to cover the

cracks first and then EWCA was sprayed atop the base as the

interlayer (as shown in Fig. 2(c)).

As to the effect of interlayer on the performances of pave-

ment base in the operation, there seems no specific laboratory

study report. Therefore, this research is to investigate the effect

of interlayer on the performances of base such as vibration

response and anti-erosion via the laboratory tests whose design

was based on the practice and the problems from some practical

projects in Guangdong and Hunan Provinces. And in these

practical projects, their interlayers were not constructed with

the same materials, and, thus, in the two types of tests in this

paper, different interlayer materials were tested. In the tests for

anti-erosion, interlayer of a single layer of geotextile, interlayer

of EASS, and no interlayer were tested; although the tests for

vibration response tested the 5-mm-thick ordinary rubber sheet,

a single layer or double layers of woven geotextile as the inter-

layer material did not test the EASS interlayer. But considering

that the properties of the ordinary rubber sheet are similar to

those of EASS, the test results of the rubber sheet may be of sig-

nificance to EASS and vice versa. It is expected that the findings

drawn from these tests can offer a scientific basis and test meth-

ods to selecting the optimum interlayer (such as the interlay

that can effectively damp the vibration of the base or improve

the anti-erosion of the base) in the pavement design or con-

struction of practical projects.

Properties of Various Materials

for Interlayer

GEOTEXTILE

The properties of geotextiles used in this research were deter-

mined according to the relevant standards such as JTJ/T 019-98

[11], JTJ E50-2006 [12], etc., with consideration of requirements

of the tests conducted in this research. Table 1 presents the

properties of geotextile as interlay materials used in this

research. To avoid wrinkles or folds in manual placing,

geotextile was appropriately stretched and fixed with steel nails

or particular fixing nails were driven into the base after being

placed.

EMULSIFIED ASPHALT SLURRY SEAL (EASS)

The key properties of EASS used in this research were tested in

accordance with JTG/T F40-02-2005 [13]. The quality control

of EASS during construction includes six indicators: consis-

tency, asphalt-aggregate ratio, gradation, appearance, paving

thickness, and wheel abrasion loss after 1 h soaking. The stand-

ard mix proportion of slurry seal used in this research required

12 % of emulsified asphalt, 1 % of filler, and 87 % of mineral

aggregate whose gradation is shown in Table 2. Table 3 describes

the mix proportion and the key properties of EASS, which con-

form to the requirements of JTG/T F40-02-2005 and this

research.

RUBBER SHEET

In some practical projects (such as the Yunfu-Luoding Highway

Project of Guangdong Province), a rubber sheet has been used

as the interlayer at the joints of cement concrete pavements (as

shown in Fig. 3) or the pavement sections that are vulnerable to

damage caused by vehicle impact loading, such as ones at high-

way toll stations. Its use can ease problems such as loosening or

FIG. 2 (a) Aggregate particles protruding on the base surface; (b) local defects patched with asphalt mortar before construction of EWCA interlayer; and (c) cracked

base surface fixed with asphalt felt before construction of EWCA interlayer.

TABLE 1 Properties of geotextile as interlayer materials used in the

tests.

Property Measured Value

Mass per unit area (g/m2) 312

Thickness under load (pressure) (mm) 2.45

Longitudinal tensile strength (kN/m) 9.69

Latitudinal tensile strength (kN/m) 9.62

Longitudinal tearing force (kN) 0.25

Latitudinal tearing force (kN) 0.26

CBR bursting force (kN) 1.59

Equivalent opening size (O95) (mm) 0.09

Water permeability in normal direction
under load (pressure) (cm/s)

2.1� 10�1
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spalling of cement concrete, to which the sections next to joints

are prone. The properties of the rubber sheet used in the tests in

this paper are shown in Table 4.

Laboratory Test for Vibration

Response

Vibration of pavement structure is likely to cause dynamic

damages, which may lead to cracking and loosening of the base

materials, and which in turn will shorten the life of the pave-

ment. Thus, vibration damping is one of the important factors

in the design of the pavement structure. Whereas among all

physical quantities that can be used to describe the vibration

intensity, the vibration velocity is the most relevant to the

destruction of structures and is often used to represent the

vibration intensity [14]. And vibration velocity has been consid-

ered as the failure criteria of vibration safety in many industries

in China [15]. Therefore, to damp vibration of the base is to

reduce the vibration velocity of the base, and to investigate the

effect of the interlayer on the vibration response of the base is to

test the effect of the interlayer on the vibration velocity of the

base.

Impact loading from moving vehicle will lead to vibration

of pavement, which is regarded as a kind of microseism in

Ref 16. The interlayer of cement concrete pavement can be con-

sidered an elastic element linking the forced vibration system

(i.e., the concrete surface slab) and the foundation (including

the base layer and the subgrade), damping the vibration trans-

mitted from the former to the latter. It is supposed in this paper

that the interlayer may have an effect of damping vibration or

reducing vibration velocity on the pavement base in several

ways. First, the interlayer separates the surface slab from the

base and breaks their similar vibration frequency, which will

lead to the sympathetic vibration, and thus offers protection to

both the surface slab and the base. Second, compared with the

cement concrete, materials for the interlay are of smaller elastic

modulus and better compressibility. When the cement concrete

pavement is under impact loading of vehicle wheels, the vertical

pressure will force the interlayer into compressive deformation,

which can offer damping to impact the base and ease the effect

of microseism on the base. Furthermore, the interlayer can

increase the structural damping and dissipate vibration energy

from the forced vibration system, and thus damp vibration of

the base.

METHODS

To obtain a regular pattern of effect of interlayer on the vibra-

tion response of base layer, the authors did the laboratory tests

for impact vibration response with the testing apparatus for

vibration (as shown in Fig. 4). The specimens simulating cement

concrete pavement surface slabs were of strength C35 and size

300� 300� 50 mm3. The base layer was made of C15 lean

concrete 1000� 1000� 100 mm3. Three different kinds of

TABLE 2 Aggregate gradation of emulsified asphalt slurry seal.

Sieve
Size (mm)

Cumulative Percent
Passing (%)

Criterion Specified by
JTG/T F40-02-2005 (%) [13]

9.5 100.0 100

4.75 95.1 100-95

2.36 66.1 90-65

1.18 46.2 70-45

0.6 32.6 50-30

0.3 23.0 30-18

0.15 16.9 21-10

0.075 10.0 15-5

TABLE 3 Mix proportion and key properties of EASS used in the tests.

Mix Proportion or Property Measured Value Criterion Specified by JTG/T F40-02-2005 (%) [13]

Emulsified asphalt content (%) 12 (58 % asphalt content) More than 55 % asphalt content

Asphalt-aggregate ratio (%) 7

Mix proportion Aggregate:emulsified asphalt:water¼ 100:12:5

Paving thickness (mm) 8–10 7–10 mm

Wet wheel abrasion loss after 1 h soaking (g/m2) 702.5 No more than 800

Consistency (cm) 3 2–3

Appearance Qualified Uniform

FIG. 3 Rubber sheet installed at the concrete pavement joint as interlayer.
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interlayer were used: 5-mm-thick ordinary rubber sheet, a layer

of woven geotextile and two layers of woven geotextile. And the

base layer without interlayer was tested for comparison.

During testing, the compaction hammer used in the geo-

technical heavy compaction test was applied to impose the

impact loading to simplify and unify the loading methods. In

the light of the practice of the geotechnical heavy compaction

tests in China, a 4.5-kg hammer fell a distance of 45 cm on the

center of the specimen, whereas two sets of the same testing

apparatus for microseism, which were respectively linked to the

surface slab specimen and the base layer, collected their

vibration waveform simultaneously. (The data of the vibration

of the surface slab and their analyses would be reported in

another paper.) Each set of testing apparatus for microseism

consists of three sensors, a microseism recording device to col-

lect vibration waveform, and a computer. Three sensors (CD-1

magnetic speed sensors with the maximum measurable dis-

placement being 61 mm and sensitivity being 604 microvibra-

tions/cm/s) were adhered to the surface of the base of C15 lean

concrete with 10 % cement by a liquid glue of rapid solidifica-

tion. They were installed at the monitoring points that were

located 2 cm away from the edge of the base layer surface. Sen-

sor 1 was used to detect the vertical vibration wave whose direc-

tion (Z) is perpendicular to the base layer surface. The other

two sensors were used to detect two kinds of horizontal vibra-

tion waves, which were parallel to the base layer surface and

whose directions are mutually perpendicular, sensor 2 for the

latitudinal direction (Y), and sensor 3 for the longitudinal direc-

tion (X). What the sensors detected were particle vibration ve-

locity, whereas the microseism recording device recorded the

waveform of particle vibration velocity. The vibration data were

analyzed by the computer, including the maximum vibration

velocity, the maximum displacement caused by vibration, and

TABLE 4 Properties of rubber sheet as interlayer material used in

the tests.

Property Measured Value

Thickness (mm) 5

Width (m) 0.5

Length Determined by the length of expansion joints

Density (g/cm3) 1.65

Tearing strength (MPa) 3.0

Elongation (%) 250

Hardness 656 5

FIG. 4

Schematic of testing apparatus for vibration

caused by impact loading: (a) side view; and

(b) top view.
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their vector sum, respectively. These maximum values were

interpreted as the indicators of the damping effect of different

interlayers: the smaller these maximum values, the better the

damping effect. The vector sum of maximum vibration velocity

or maximum displacement equals the arithmetic square root of

the sum of squared vibration velocity or displacement measured

by sensors 1, 2, and 3, as expressed in Eq 1.

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða2 þ b2 þ c2Þ

p
(1)

where:

d¼ the vector sum; and

a, b, or c¼ the squared vibration or displacement measured

by sensor 1, sensor 2, or sensor 3, respectively.

RESULTS OF VIBRATION VELOCITY

Table 5 shows the measured vibration velocity of the base layers

beneath different interlayers under the same impact loading.

Table 5 indicates that, under the same impact loading, the

vector sum of maximum vibration velocity of the base layer

with interlayer atop decreased thanks to the damping function

played by the interlayer as well as the surface slab which

increases the structural damping and dissipates vibration energy

generated by the impact loading and thus damps vibration of

the base. Compared with the base without an interlayer atop,

the decrease was 35 % for the base with a rubber sheet as the

interlayer atop, 70 % for the base with a layer of geotextile as

the interlayer atop, and 80 % for the base with two layers of geo-

textile as the interlayer atop. The results indicate that interlayer

can reduce the maximum vibration velocity of the base layer.

And the better damping effect of two layers of geotextile than

that of one layer may be interpreted as, for the interlayer of

smaller modulus material such as geotextile (compared with

rubber sheet, geotextile is of smaller modulus), the thicker the

interlayer, the better the effect of vibration damping.

RESULTS OF DISPLACEMENT CAUSED BY VIBRATION

Under the same impact loading, the maximum displacement

amplitude of the base layers beneath different interlayers caused

by vibration is shown in Table 6.

Table 6 indicates that, under the same impact loading, the

vector sum of maximum displacement of the base layer with

interlayer atop decreased. Compared with the base without an

interlayer atop, the decrease was 18 % for the base with a rubber

sheet as the interlayer atop, 25 % for the base with a layer of

geotextile as the interlayer atop, and 26 % for the base with two

layers of geotextile as the interlayer atop. The results indicate

that interlayer can reduce the displacement of the base layer

caused by vibration, which helps to protect the base layer.

Laboratory Tests for Anti-Erosion

Pavement surface water is likely to enter into the base surface

via the pores, joints, or cracks. If drainage of the base layer is

not satisfying, especially in the rainy season and/or in low-lying

areas, the free water collected on the base surface will generate

considerable hydrodynamic pressure under the impact loading

of moving vehicles (especially heavy-duty trucks at high speed).

Reference 17 reports that the higher the vehicle speed, the

greater the hydrodynamic pressure. The damage from the

hydrodynamic pressure to the base layer includes punching and

pumping, as shown in Fig. 5. In the process of punching, when

the vehicle pulls into slab 1 and its wheels first press down slab

1, the water under slab 1 will spray and punch downward at a

certain speed, and the strong hydrodynamic pressure will pro-

duce a huge impact and oppression on the base materials. In

the process of pumping, when the wheel load pulls out from

slab 1 and into slab 2, slab 2 will be pressed down, whereas slab

1 will rebound as a result of the disappearance of the load,

which will lead to a huge pumping force at the interface

between slab 1 and the base. With the continual vehicle load,

TABLE 5 Maximum vibration velocity (MVV) of bases beneath different interlayers.

Interlayer
MVV by

Sensor 1 (cm/s)
MVV by

Sensor 2 (cm/s)
MVV by

Sensor 3 (cm/s)
Vector Sum of
MVV (cm/s)

Percentage of Reduced
Vector Sum of MVV (%)

No interlayer 5.86 1.86 2.92 6.81 Baseline data

Rubber sheet 3.56 2.46 0.85 4.41 35

A layer of geotextile 1.37 0.82 1.27 2.04 70

Two layers of geotextile 1.19 0.36 0.53 1.35 80

TABLE 6 Maximum displacement amplitude (MDA) of bases beneath different interlayers caused by vibration.

Interlayer
MDA by

Sensor 1 (cm)
MDA by

Sensor 2 (cm)
MDA by

Sensor 3 (cm)
Vector Sum
of MDA (cm)

Percentage of Reduced
Vector Sum of MDA (%)

No Interlayer 0.0062 0.003 0.0025 0.0073 Baseline data

Rubber sheet 0.005 0.0023 0.0023 0.0060 18

A layer of geotextile 0.004 0.003 0.0023 0.0055 25

Two layers of geotextile 0.005 0.0017 0.0015 0.0054 26
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the slabs keep on rising and falling and the base keeps on being

punched and pumped. As a consequence, base materials, espe-

cially fine aggregate, will lose adhesion because of the running

of water and eventually will be washed away along any crevice

under the hydrodynamic pressure. Reference 18 describes that

the fine material within 1 mm particle size will be washed away.

In this case, the fine material of base being washed away by

water is referred to as water erosion of base.

METHODS

To simulate the erosion of the base caused by the hydrodynamic

pressure, a testing apparatus for water erosion was made in this

research, as shown in Fig. 6.

The testing apparatus consists of two symmetric units.

Each unit is made up of a lower cylinder and an upper cylinder,

respectively. Interior chambers of lower cylinder and upper

cylinder can be interlinked and their sidewalls can be joined to-

gether with locking buckles and sealed. The lower cylinder is

placed on a horizontally sliding track, which is fixed on a pedes-

tal, and the lower cylinder can slide along the sliding track to

join with or move away from the upper cylinder. Inside the

lower cylinder, there are a lower sieve and an upper sieve, which

can be fastened to the bottom and the top of the specimen,

respectively. Furthermore, there is a piston in the upper

cylinder; the piston is linked by a connecting rod to a lever and

the other end of the lever is linked to an electric motor.

Tests were designed in this research to compare the water

erosion resistance of cement-stabilized macadam bases with dif-

ferent interlayers—EASS, geotextile, and no interlayer. Cylinder

specimens (150 mm in diameter and 150 mm in height) were

shaped in the laboratory according to the field mineral aggre-

gate gradation and with a cement content of 5 %.

In the case of EASS as the interlayer, following the practice

in the field construction process, the top side of specimens for

water erosion tests was first brushed with the high penetration

emulsified asphalt (cationic emulsified asphalt of PC-2) whose

asphalt content reached about 43.1 %, and then covered with

hot asphalt of AH-90, the amount of which was at about

1.06 0.2 l/m2. Aggregates ranging from 0.6 mm to 4.75 mm

were used as filler. For geotextile, it was nailed to the top side of

specimens for tests as the interlayer.

In consideration of the fact that water erosion mainly has

an effect on the top side of the base, the lateral sides of all speci-

mens were wrapped with plastic film in the tests (as shown in

Fig. 7).

The above-mentioned specimens were first bathed in water

of 60�C for 24 h to shorten the time for testing, and then taken

out of the water bath, wiped with a wet towel after being wrung

dry, and weighed to get M0. After that, the specimen was put

FIG. 5

Schematic representations of production of

hydrodynamic pressure from water on the

base surface: (a) punching; and (b)

pumping.

FIG. 6 Schematic of testing apparatus for water erosion: (a) side view; and (b) front view.
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into the lower cylinder from the side via sliding track, with the

upper sieve and lower sieve fastened to the top side and the bot-

tom side of the specimen, respectively. Water was poured into

the upper cylinder until the water level reached 2 cm away from

the top. Then the electric piston-driving motor was started and

the piston moved up and down in the upper cylinder to simu-

late the water erosion of the base. The specimen was taken out

after the predetermined testing time (1, 3, 6, and 12 min,

respectively), and weighed again after wiping with the wet towel

after being wrung dry to get Mi. The erosion rate after 1, 3, 6,

and 12 min was then computed, respectively. The erosion rate

after a certain period of time was defined as the lost mass of

unit area per min (g/m2 � min), which could be calculated with

Eq 2.

xi ¼ ðMo �MiÞ=ðti � pr2Þ(2)

where:

xi¼ erosion rate after a certain period of time (g/m2 �min),

Mo¼wet weight of specimen before erosion test (g),

Mi¼wet weight of specimen after erosion test (g),

ti¼ lasting time of test (min),

r¼ radius of cylinder specimen¼ 7.5 cm, and

pr2¼ cross-sectional area of specimen (cm2).

RESULTS

The results from the water erosion tests are given in Table 7.

Table 7 describes that the erosion rate of specimens with

three types of interlayer decreased with the increase of testing

time. But the erosion rate of specimens without interlayer

atop was the greatest at any testing time. After 1 min of testing,

compared with specimens without interlayer atop, the erosion

rate of specimens with geotextile as interlayer decreased by

99 %, and the erosion rate of specimens with EASS as interlayer

decreased by 44 %. After 12 min of testing, compared with

specimens without interlayer atop, the erosion rate of specimens

with geotextile as interlayer decreased by 99 % and the erosion

rate of specimens with EASS as interlayer decreased by 59 %.

Conclusions

It has been reported that the interlayer paved between the pave-

ment surface slab and the base plays an active role in functions

such as breaking the bond of the pavement slab from the base,

reducing friction at the interface between the slab and the base,

restraining reflected cracking, etc. This research found that the

interlayer has a satisfying effect on improving the performance

of the base. The interlayer can damp vibration of the base,

decrease displacement of the base caused by vibration, and

improve anti-erosion of the base.

1. The finding from the tests for vibration response in this
research indicated that, under the same impact loading,
(a) the vector sum of maximum vibration velocity of the
base layers with rubber sheet, a layer of geotextile or two
layers of geotextile as interlayer atop decreased by 35 %,
70 %, and 80 %, respectively; and (b) the vector sum of
maximum displacement of the base layers with rubber
sheet, a layer of geotextile or two layers of geotextile as
interlayer atop decreased by 18 %, 25 %, and 26 %,
respectively. This means that the interlayer can signifi-
cantly decrease both the maximum vibration velocity and
the maximum displacement of the base layer caused by
vibration. Compared with no interlayer, the interlayer of
two layers of geotextile has the best vibration damping
effect on the base, followed by the interlayer of a layer of
geotextile and the interlayer of rubber sheet. Simultane-
ously, the interlayer can reduce the displacement of the
base layer caused by vibration, which helps to protect the
base layer.

2. The findings from the anti-erosion tests in this research
indicated that, under the same conditions, compared with
specimens without interlayer atop, the erosion rate (after
12 min of testing) of specimens with geotextile as inter-
layer atop decreased by 99 %, and the erosion rate of
specimens with EASS as interlayer atop decreased by
59 %. This means that the specimen covered with

FIG. 7

Cylinder specimens with different

interlayers atop for water erosion tests: (a)

no interlayer; (b) geotextile as interlayer;

and (c) EASS as interlayer.

TABLE 7 Erosion rate of cylinder specimens.

Erosion Rate After Different Testing Time (g/m2 �min)

Interlayer 1 min 3 min 6 min 12 min

No interlayer 1612.8 976.3 709.8 552.9

300 g/m2 geotextile 8.4 6.2 6.5 4.2

1 cm EASS 905.5 427.6 232.6 227.9
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geotextile did far better than the specimen covered with
EASS and the specimen without interlayer atop in resist-
ing water erosion. It is likely that the difference in erosion
resistance of specimens with different interlayers became
less pronounced with the increase of eroding time, as Ref.
[19] also reported. Nevertheless, it can be safely con-
cluded that both geotextile and EASS used atop the base
as the interlayer could make a significant difference in
reducing water erosion damage to the base of pavement
in the early stage of service.
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ABSTRACT

The geometric dispersion of surface waves offers the feature to infer the properties of a

medium. The surface wave survey method is under continuous evolution and its applications

include the noninvasive characterization of a medium at a small scale and the earthquake

geotechnical survey at a large scale. Despite the significant difference in scales, these

applications generally utilize the propagation of the surface waves along the boundary of a

layered medium. This paper discusses standard steps involved in surface wave surveys. Two

application case studies are conducted and presented in detail. In the small scale laboratory

application case, a nondestructive testing (NDT) methodology is proposed for the coating

investigation using laser interferometric measurements of surface waves. In the large scale

field application, an accelerometer-based passive surface wave survey is designed for

earthquake geotechnical engineering site characterization. Finally, recommendations for

practical application of surface waves in multi-scale engineering problems are presented.

Keywords

surface wave, nondestructive testing, laser interferometer, accelerometer, site characterization, microtremor

measurement

Introduction

The surface wave theory was first introduced in 1885 by Lord Rayleigh as a solution to the free

vibration problem for an elastic half-space [1]. Since then, the application of surface waves has

been under continuous evolution in various disciplines. Although there are great differences in
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scales between the problems in these fields, the practices share

the same feature that they explore the geometric dispersion of

surface waves to infer the medium properties through the pa-

rameter identification.

Laboratory scale surface wave techniques are mainly devel-

oped for nondestructive testing of multilayer media. The disper-

sion effect of surface waves provides the possibility of

determining the mechanical properties of media such as thin

films or coatings. Composite laminate detection [2] and coating

defect investigation [3] are among the typical applications. The

use of high frequency surface acoustic waves (SAWs) enables

both the properties of thin layers and internal defects in the

multilayer components of structures to be identified. Modern

equipment enables surface acoustic waves to be generated at fre-

quencies of the order of 1–10 GHz [4]. Due to the strong

frequency-dependent attenuation of materials and the observa-

tion distance limitations, laser-based surface wave methods find

their niches [3]. Laser sources can provide wavefield images

with a much higher spatial resolution than conventional trans-

ducers. Laser-generated surface waves have been successfully

applied to determine the thickness and elastic properties of the

bonding layers of a copper-aluminum layered sample [5].

The specific characteristics of surface wave propagation in a

stratified medium make them useful in the field of earthquake

geotechnical engineering. Site characterization is one of the pri-

mary applications. Different field testing approaches using the

surface waves have been developed, including the steady state

Rayleigh method [6], the spectral analysis of surface waves

(SASW) [7], the multichannel analysis of surface waves

(MASW) [8], the refraction microtremor (ReMi) [9], and the

passive MASW [10]. All of these methods find diverse applica-

tions in the shallow geotechnical engineering (e.g., less than

100m). Several data processing strategies were proposed to

extract geophysical information from the seismic noise (micro-

tremor) data. These include the spatial autocorrelation (SPAC)

method [11], the extended spatial autocorrelation (ESAC)

method [12], the frequency-wavenumber approaches [13], and

the horizontal-to-vertical spectral ratio (HVSR) method [14].

Array measurements of low frequency microtremors have been

used for sedimentary exploration as deep as 1 km [15].

This paper discusses steps involved in the surface wave sur-

vey method. The applications of the surface wave survey

method for engineering problems at two different scales (lab

scale and full scale at field) are presented in detail as two case

studies. The lab scale case is a nondestructive testing (NDT) for

coating characterization of a sample specimen, and the full scale

field application case deals with the geotechnical characteriza-

tion of the shear-wave velocity in the field. These two cases con-

stitute unique extremes in current surface-wave applications

because of their scales in time and space. The lab case is at the

level of microseconds in time and millimeters in space, whereas

the field case is at the scale of milliseconds in time and meters

in space. In other words, those two cases represent the time and

space scale differences of 103.

Both cases followed a general surface wave survey

procedure with specifically designed test configurations. The

active MASW method and the passive MASW (SPAC) method

were used for the laboratory and field scale surveys, respectively,

to obtain dispersion curves. Optimization was realized and the

shear wave velocity profiles were obtained for both the coating

sample of the lab case and the site soil of the field case. It was

demonstrated that the surface-wave survey method can be

applied in a wide variety of problems to investigate one of the

most critical engineering material properties related to the stiff-

ness (i.e., shear-wave velocity).

Surface Wave Survey Method

GENERAL METHOD

A characteristic feature of surface waves is that the vibration

displacement decays exponentially with depth. Most energy is

contained within one wavelength from the free surface. In other

words, the penetration depth of surface waves is wavelength de-

pendent. The high frequency Rayleigh surface waves propagate

in shallow zones close to the free surface, whereas the low fre-

quency surface waves enter deeper layers. This feature of surface

waves has been used to distinguish materials over a very wide

range of scales. The essential differences between various scales

of applications lie in the frequency range of interest and the spa-

tial sampling.

Rayleigh waves are the most commonly used surface waves

in practical applications. The equation of motion for Rayleigh

waves propagating in a laterally homogeneous medium can be

written with the assumption of a plane strain field. The bound-

ary conditions of such a half-space model include no stress at

the free surface and no stress and strain at the infinity. A linear

differential eigenvalue problem is formed by assuming the con-

tinuity of strain and stress at layer interfaces. The displacements

of the wave motion can be written as:

u1 ¼ uxðx; z; tÞ ¼ uxðzÞeiðkxx�xtÞ

u3 ¼ uzðx; z; tÞ ¼ uzðzÞeiðkxx�xtÞ(1)

where:

u¼ the displacement,

components x and z¼ the directions of wave propagation

and depth, respectively,

t¼ time,

kx¼ the wave number in the x direction,

x¼ the angular frequency, and

i¼ the unit of imaginary number.

Rewriting the wave motion equation and constitutive equa-

tion by substituting Eq 1, the state vector representation of the

wave propagation can be found as:
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dn
dz
¼ Amðkx;xÞn(2)

where:

n ¼ u1; u3;r13;r33ð ÞT ¼ a state vector,

m¼ the mth layer, and

A¼ the fundamental matrix of the state vector [16].

The characteristic equation for surface waves in a semi-

infinite layered structure can be described as a function of den-

sity (q), compressional wave velocity (CL), shear wave velocity

(CT), and total thickness (h) of all layers:

Fðq;CL;CT ; hÞ¼ 0(3)

In practice, most surface-wave applications provide a shear-

wave velocity profile by a three-step strategy as shown in Fig. 1:

(1) acquiring experimental data, (2) estimating the experimental

dispersion curve through signal processing, and (3) solving an

inverse problem with a reference model.

In Step 1, the data acquisition (Fig. 1(a)), the surface wave

signals are usually collected by receivers deployed on the free

surface of a medium. Depending on the nature of the problem,

different receivers can be used, among which vibration sensors

are mostly used. Excitation generation is usually required for

laboratory scale experiments or some small-scale field tests;

while for large scale field implementation, the passive method is

mostly used in which the receivers listen to ambient “noise”

directly.

The measured data are then processed to estimate the ex-

perimental dispersion curve in Step 2, as shown in Fig. 1(b).

Various signal analysis methods have been developed [17,18].

The Fourier Transform is the most commonly used data proc-

essing tool. Different frequency components of a signal are usu-

ally separated to estimate the frequency-dependent phase

velocities with the consideration of the testing configuration.

The test interpretation is implemented through Step 3:

solving the inverse problem theoretically (Fig. 1(c)). The theo-

retical dispersion curve can be obtained by solving the

forward problem using different methods such as the

Thomson–Haskell method [19,20], the reflection and trans-

mission coefficient method [21,22], or the stiffness/compliance

matrix method [23]. With an assumed model, this step com-

pares and minimizes the difference between the experimental

dispersion curve and the theoretical one. An objective func-

tion is usually established to represent the difference between

experimental and theoretical data points. Either local or global

search methods can then be used to find feasible model

parameters that result in the theoretical dispersion curve

matching the experimental data.

LABORATORY SCALE APPLICATION SCHEME

In laboratory, the surface wave survey method is used as one

of NDT approaches. As shown in Fig. 2, a typical testing con-

figuration for the laboratory scale application of the surface

wave survey method includes the source, the receiver, and the

motion stage. The excitation source should be wide-banded

with a tiny shot spot since the thickness of a layered structure

is usually among micrometers or millimeters scale. The re-

ceiver should also be wide-banded. Besides the contact trans-

ducers, laser interferometers or vibrometers are commonly

used as the noncontact options in labs. The motion stage is

used to adjust the distance between the source and the

receiver. Either the source or the receiver can be mounted on

the stage; however, to acquire weak signals with a steady

focus, the receiver is usually fixed while the source is attached

to the stage.

Piezoelectric transducers can generate surface wave signals

during laboratory NDT experiments. However, pulsed laser

sources can be used as an alternative and the laser interferome-

ter can be simultaneously used to detect small vibrations. This

technique allows both the excitation and the detection of surface

waves in a range of kHz to GHz. It can be used to probe struc-

tures in a completely nondestructive manner without any con-

tact. The broad band nature of laser techniques makes them

well suited for the characterization of material systems in small

scale.

FIG. 1 Flow chart of the surface wave survey method.

FIG. 2 Diagram of the surface wave survey method in laboratory.
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After the test data is collected, experimental dispersion

curves could be extracted by many manners such as the two

dimensional Fourier transform method [24] and the phase

spectrum method [25]. The measured SAW dispersion can, in

principle, be inverted to estimate material parameters such as

the density, the thickness of the coating and the elastic proper-

ties of the tested structure. As described in the aforementioned

general method, a popular procedure of obtaining the elastic

properties is to compare the measured dispersion curves with

the theoretical dispersion curves resulted from inversion

algorithms such as the genetic algorithm, the neural network

algorithm, the simulated annealing algorithm, and the least-

squares fit algorithm.

FIELD TESTING APPLICATION SCHEME

Depending on the excitation features, surface wave survey

methods used in earthquake geotechnical engineering are di-

vided into active and passive techniques. A comprehensive liter-

ature review about those techniques was reported by Foti et al.

[26]. Although most practical applications of surface waves in

geotechnical engineering deploy conventional geophones, there

has, recently, been considerable interest in exploring the use of

accelerometers, which generally have flat response over a broad

frequency range [27]. In field applications, sledge hammer, drop

weight, or explosion are the typical excitation sources for active

surface wave surveys, while the passive tests extract surface

waves directly from seismic noise recordings. The array-based

surface wave method as a passive technique has been used for

extracting information of the subsoil structures through the

estimation of the local shear wave velocity profile.

Similar to the traditional surface wave survey methods, the

array-based surface wave method should be implemented in

three steps. Field measurements are conducted by measuring

ambient ground vibrations due to either natural events or

human activities close to the testing site. The feasibility of using

ambient vibration records depends on the condition whether

such signals can be essentially associated to Rayleigh waves.

Receivers can be deployed in a 1D or a 2D layout. The 1D linear

array layout, as shown in Fig. 3(a), is applied when the excita-

tion source is ascertained or when the space for receiver deploy-

ment is limited. Commonly used 2D array layouts, more

suitable for cases as the excitation sources cannot be clearly

determined, include the triangular, circular, and “L” shape

arrays shown in Fig. 3(b). The maximum dimension of the array

is usually related to the measurement depth.

Like other surface wave techniques, the array-based surface

wave method processes data from the field measurement to

obtain the dispersion curve. The frequency-wave number (f–k)

analysis could be a straightforward data processing method

with the application of the fast Fourier transform (FFT) algo-

rithm. The SPAC and ESAC methods could also provide stable

results in the low-frequency band.

The inversion procedure is usually performed using a lay-

ered linear elastic model. To reduce the number of unknowns,

some model parameters are assigned priori. Another important

aspect related to the inversion is the selection of algorithm

between the local search methods (LSMs) and the global search

methods (GSMs).

Case Studies

LABORATORY NDT CASE

A laboratory setup was designed for the coating quality evalua-

tion and product improvement case study, as shown in Fig. 4.

Due to its high temporal and spatial resolutions and precision

requirement, the laser ultrasonic technology [28] was used in

the test system.

The experimental setup mainly consisted of the IOS AIR-

1550-TWM laser interferometer inspection system, the Brilliant

Nd:YAG laser, the Newport motion stage, the Tektronix digital

oscilloscope, and a personal computer. The laser interferometer

worked as a receiver, which has a detector with 125MHz band-

width. The noise equivalent surface displacement of the system

was 6� 10–7 nm (W/Hz)1/2. The laser source was a pulsed

Nd:YAG laser with the wavelength of 1064 and 532 nm. The

focused spot size of the laser was 14–200 lm. In this case study,

the wavelength was 532 nm and its pulse duration was about

5 ns, under which the maximum pulse energy was 100 mJ/pulse

and the maximum repetition rate of the Q-switched laser is

20Hz. The motion stage was composed of a 3-Axis Motion

Controller/Driver and three intelligent stepper motor linear

stages with 200mm travel range. The minimum increment

motion of the stage was 0.15 lm and the uni-directional repeat-

ability was 2 lm. The on-axis accuracy of motion is 65lm and

the maximum speed was 20mm/s. A cylindrical lens and a spheri-

cal lens were used to focus the Nd:YAG laser beam for a line source

and a point source, respectively. The digital oscilloscope with at

FIG. 3 Receiver layout in the array-based surface wave method: (a) 1D; (b)

2D.
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least 2 channels was used to display the reference signal and the

detected waveform. To obtain the surface wave field, the source and

the receiver were deployed at the same side of the specimen.

A series of signals obtained from the lab testing

configuration were processed for Fourier transform displays.

Two-dimensional Fourier transform was employed to obtain

the frequency-wavenumber domain results. The least-squares fit

algorithm was a common optimization method to find the min-

imum difference between the tested dispersion data and the the-

oretical dispersion data. The optimum material properties were

estimated through this approach.

The coating specimen for this case study was made of

cobalt (Co)-based tungsten carbide (WC) with the thickness of

about 0.5mm. The substrate was made of stainless steel.

WC–Co materials have a wide range of industrial applications.

The density, Young’s modulus, and Poisson ratio for the

WC–12wt. % Co used for this study was 13.1–14.3 g/cm3,

125–350GPa, and 0.3–0.36, respectively [29–33]. The shear ve-

locity of WC–Co coating media is calculated as 1792–3206m.

During the test, the ultrasonic wave field was generated by a

line laser beam. 128 groups of signals were obtained at 128

points with a 0.1mm spacing interval and 100MHz sampling

frequency as shown in Fig. 5. The first part of the distinct signals

that had the travel time between 2 and 5 ls represents the sur-

face wave travelled in the media. The wavefronts of these signals

revealed the velocity of about 2710m/s (Line 1 in Fig. 5) and

1720 m/s (Line 2 in Fig. 5). The second part of the signals (right

to Line 3 in Fig. 5) that had a more than 12ls travelling time

represents the wave propagating along the interface between

coating and air with the velocity of a little more than 300m/s.

As shown in Fig. 6, by using the two-dimensional Fourier trans-

form, the frequency-wavenumber domain spectrum was

obtained. Using the least-squares fit algorithm, theoretical dis-

persion curve matched relatively well with the measured data.

Finally, the shear wave velocity profile was obtained: the shear

wave velocity of the coating was 2300m/s at the top surface and

increased to about 3400m/s at the interface of coating and sub-

strate. Chivavibul et al. [32] reported that coatings made of dif-

ferent average WC grain sizes or different Co contents showed

variations in shear wave velocity; in addition, the properties of

coatings relied strongly on the spraying technique. Considering

this, the shear wave velocity profile obtained from the lab

experiment is compatible with the material physical parameter

FIG. 4 The laser ultrasonic experimental system at Tongji University: test

flow chart (top); experimental setup (bottom).

FIG. 5

The coating specimen and typical collected

waveforms.
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range of the specimen. Additionally, the measured waveforms

in time domain matched relatively well with the theoretical

ones as shown in Fig. 7, which validated that the tested shear

wave velocity profile was acceptable.

FIELD TESTING CASE

A series of array-based surface wave surveys were conducted at

an open site on the Tongji Univ. campus, where the borehole

data was available. The receivers were deployed in the vertices

of two equilateral triangles as well as the center of the triangles,

as shown in Fig. 8. These receivers were uniaxial low-frequency

accelerometers, which combined a piezoelectric sensing unit

and a built-in micro amplifying circuit. They had a broad fre-

quency band from 0.05 to 500Hz. The amplitude range and the

sensitivity of those accelerometers were 60.1 g and 44V/g,

representatively. Due to the limited number of available acceler-

ometers, a roaming strategy was used during the field test: step

1—four sensors were deployed first at Points 1–4 to collect

ground motions simultaneously; step 2—after the completion of

the test with the step-1 lay-out, three receivers at the Points 2–4

were relocated from Points 5 to 7, respectively, for another

ground motions collection. Field tests of this case study were

conducted during late afternoons. The typical vertical ground

vibration acceleration signals are shown in Fig. 9. Ten sets of

measurement data were collected for each “triangle” sensor

array layout (four data acquisition channels). Each measure-

ment was five minutes long with 200 samples per second.

With the assumption that surface waves at different propa-

gation directions and with different frequencies that are statisti-

cally independent, a spatial correlation function can be

FIG. 6

Dispersion calculation results: (a) dispersion image in the

frequency-wavenumber domain, (b) comparison of the test

and the theoretical dispersions, and (c) the shear wave

velocity profile.

FIG. 7 Waveform comparison of surface waves: experimental data (solid),

theoretical (dot) results.

FIG. 8 Sensor array design.
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established. Aki [11] proposed a spatial cross correlation coeffi-

cient based on this function as:

q r;xð Þ ¼ J0
xr
cðxÞ

� �
(4)

where:

c(x)¼ the phase velocity, and

J0¼ the first kind and zero-order Bessel function for a given

inter-receiver distance r and angular frequency x.

By fitting the azimuthally averaged spatial correlation func-

tion obtained from measured data to the Bessel function, the

phase velocity c(x) can be calculated.

During the analysis, all the collected vertical ground motion

data were first stacked. Then the dispersion image as shown in

Fig. 10(a) was obtained following the SPAC method by setting

the inter-receiver distance r as 3.5m and 7.0m for the two

different arrays, respectively. Next, the dispersion curves were

extracted from the dispersion image. The shear wave velocity pro-

file was then obtained through the inversion analysis of the dis-

persion curve. The genetic algorithm (GA), one of GSM

approaches, was used for the inversion analysis. The inversion pa-

rameters for the GA include: 60 iterations, 0.9 crossover probabil-

ity, and 0.02 mutation probability. Figure 10(b) demonstrates the

result shear wave profile of this case study, in which the blue line

represents the initial shear wave velocity used in the GA inversion

processing and the red line is the inverted shear wave velocity

profile.

The elastic properties of the near surface soils are important

for earthquake geotechnical engineers and civil engineers.

According to the International Building Code (IBC) [34], the

site classification for seismic design is determined by the equiva-

lent shear wave velocity down to 30ms, V30
s .

FIG. 9

Typical ground vibration signal.

FIG. 10

Dispersion calculation results: (a) dispersion

image, (b) shear velocity profile, and (c)

borehole data.
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V30
s ¼

30
XN
i¼1

di=við Þ

where di and vi denote the thickness (in meters) and the shear

wave velocity in m/s of the ith layer soil, respectively, in a total

of N layers, down to the depth of 30m. Usually, the average Vs

is considered at the uppermost 30m (V30
s ). However, if rock is

found within the top 30m depth, the surface shear wave veloc-

ity of the soil from the ground surface to the rock is calculated

instead.

To figure out the V30
s distribution at the testing site, this

study calculated the average shear velocity using Eq 5, which

resulted in V30
s ¼ 175m/s. Because it was smaller than 180m/s,

the near surface soil of this site was defined as soft soil and the

site was classified as Site Class E according to the IBC.

The geotechnical information, shown in Fig. 10(c), was

obtained from the results of the drilled boreholes at the testing

site. The shear wave velocity profile derived from the surface

wave field survey was validated, at a certain degree, by this geo-

technical boring log data.

Discussion and Conclusion

The surface wave survey method, taking advantage of the dis-

persion feature of surface waves, find its applications in various

scales of engineering problems. The three-step strategy can be

used in most of these applications. One of the critical considera-

tions is the test configuration design for different scale situa-

tions. Usually, in a small-scale lab experiment, the testing

system should have high temporal and spatial resolution and

sensitivity and its components should be compacted; however,

in a large scale field testing, the receiver deployment design

should consider excitation sources in order to average the direc-

tional error. During the signal processing steps, the data proc-

essing methods developed for the forward problem and the

inverse problem are valid at different scales. Therefore, theoreti-

cal advances in one discipline can be borrowed to another to

promote surface wave measurement interpretation.

Based on the surface wave survey method, this paper stud-

ied two application cases with distinct scale difference. In the

laboratory application case, a nondestructive testing (NDT)

methodology was proposed for the coating inspection. A testing

scheme based on the ultrasonic laser technique was developed.

A wideband laser source was deployed to excite the short wave-

length surface wave. Signals were obtained along a line at the

coating surface. The data was processed by two-dimensional

Fourier transform to obtain the dispersion curves and the least

square fit algorithm was adopted to further solve the inverse

problem. The result shear wave velocity profile of the coating

matched well with the known information. According to the

profile, the mechanical properties of the coating structure were

evaluated.

In the field application case, an array-based passive surface

wave survey was designed for earthquake geotechnical engineer-

ing site characterization. The uniaxial low-frequency accelerom-

eters were deployed with the triangular layout to collect

ambient ground vibrations. The measured data were processed

with the SPAC method for the dispersion curve and the GA

algorithm was adopted to solve the inverse problem. The shear

wave velocity profile of the site was successfully obtained and

validated with the borehole data. Based on the shear wave veloc-

ity profile, the near surface soil of this testing site was deter-

mined as soft soil and the site was classified as Class E

according to the IBC.

Through the two application case studies, it is demon-

strated that, with reasonable test design, the surface wave survey

method can be successfully used to solve engineering problems

in different scales, among various disciplines such as laser ultra-

sonics, nondestructive testing, geotechnical engineering, and

seismology. This method offers the nonintrusive and nondes-

tructive features, which benefit sustainable engineering

practices.
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ABSTRACT

The present work aims to establish a relationship between field and laboratory moduli

obtained from mechanical wave measurements. Spectral analysis of surface waves was

performed on a clayey sand trial layer during tests in a full-scale trial. Laboratory triaxial

tests involving S-wave measurements with bender elements and accelerometers were

conducted on specimens under similar conditions, and the shear modulus was determined.

Both laboratory and field methodologies for the determination of the shear modulus were

based on S-wave propagation through the tested material; thus they involved similar stress

and strain levels. A reasonable relationship was observed between field and laboratory

moduli, taking into account field conditions (moisture content and void ratio) and stress

state.
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Introduction

The construction of transportation infrastructures—namely, earthworks—is one of the most mate-

rial demanding industries, as it requires material selection and excavation, transport, spreading,

and compaction to meet the final objectives and quality requirements. Avoiding deficiencies in

each one of these processes promotes construction quality and performance, especially during the

serviceability phase. Furthermore, the design and construction of transportation infrastructures,

and therefore their performance and maintenance, rely to a great extent on the geotechnical prop-

erties of their supports, particularly subgrade, embankments, and natural ground. Therefore,

proper design and quality assessment of materials used in infrastructure (specifically, subgrade

soils and embankments), as well as quality control during and after construction, are required in

order to achieve cost-effectiveness and sustainable infrastructures.
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As far as construction quality control of transportation infra-

structures is concerned, current field practice typically predicts per-

formance based on in situ moisture and density measurements.

Such quality control methods are adopted mainly because of their

traditional use and relative simplicity. However, these parameters

might not provide all the information necessary to ensure a high-

quality product and consequently do not provide a sustainable

approach [1,2]. Moreover, mechanical properties are a measure of

quality, as the non-uniformity of stiffness or strength is directly

related to progressive failures and life-cycle costs. As a result, cur-

rent practice does not effectively indicate the values of mechanical

properties, leading to a great disconnect between rational design

parameters and performance evaluation. Thus the quality control/

quality assurance procedures of construction should be based on a

criterion that closely correlates to the performance parameters

used in the design. Taking into account the aforementioned proce-

dures, quality control/quality assurance practice based on mechan-

ical properties determined from field and laboratory tests

promotes a sustainable approach to the design and construction of

transportation infrastructures [2].

In fact, there is a recent trend in the transportation geotech-

nics community toward improved quality assessment, including

measurement of performance-related parameters of soils and

structural materials [2–4]. Many tools have been developed to

measure field mechanical properties, such as soil stiffness

gauges, falling weight deflectometers, spectral analysis of surface

waves (SASW), and the Portancemètre [5], among others.

These tools permit non-destructive dynamic tests that can be

performed independently or together with conventional prac-

tices to improve statistical evaluation and allow reduced vari-

ability, thereby substantially enhancing the construction quality

of the entire earthwork [6] and construction sustainability.

Although these tests enable determination of the mechanical

properties of compacted layers, it should be highlighted that

different stress–strain conditions are induced.

It is generally accepted that soil shows approximately elastic

behavior at small and very small strains and non-linear behav-

ior at medium strains [7–9]. However, it is in the range of elas-

tic behavior that Young’s modulus E0 and the shear modulus

G0 are key parameters for both dynamic and static geotechnical

problems. The small-strain shear modulus G0 is the initial stiff-

ness of the stress–strain curve for a given soil and is related to

Young’s modulus E0 by Eq 1.

E0 ¼ 2G0ð1þ �Þ(1)

where:

G0¼ shear modulus,

E0¼Young’s modulus, and

�¼Poisson ratio.

This modulus, if properly normalized with respect to the

void ratio and effective stress, is, in practical terms, independent

of the type of loading, number of loading cycles, strain rate, and

stress/strain history [8]. It is therefore a fundamental parameter

of the ground, considered as a benchmark value that reveals the

true elastic behavior of the ground. In addition, it is used to nor-

malize experimental curves from different types of tests in order

to obtain simple mathematical stress–strain curves [10]. This is

the case for the shear modulus obtained from SASW tests.

In the laboratory, the shear modulus can be evaluated

throughout the very-small-strain domain (strains below 10�5)

by means of resonant-column tests and bender elements (BEs)

or accelerometers. The soil modulus can then be computed

according to Eqs 1 and 2.

G0 ¼ cV2
s(2)

where:

Vs¼ S-wave velocity, and

c¼ density.

Considering that design is based on mechanical properties

usually determined from laboratory tests, the relationship

between field and laboratory results is of great importance [11].

In this framework, we here present a comparison between

SASW test results and results from triaxial tests involving

S-wave measurements with BEs and accelerometers. Field tests

were performed on a clayey sand (SC) trial layer during tests in

a full-scale trial, and laboratory tests were conducted on a speci-

men of the same material under similar conditions. Further-

more, a comparison between mechanical properties obtained

from both laboratory and field tests is established.

Bender Elements

The BE technique is a non-destructive dynamic method used to

obtain the small-strain shear modulus of soil. BEs are piezoelectric

transducers that enable transmission and receiving of shear or

compression waves (or both) [12]. The technique consists in excit-

ing one of the transducers at one end of a specimen and receiving

the shear wave that travels through the specimen in the other trans-

ducer. Both the input and output signals are registered by an oscil-

loscope, allowing the shear modulus to be obtained via the signal

interpretation technique. As the maximum shear strain induced by

this method is less than 10�5 [13], the shear modulus determined

is the small-strain or maximum shear modulus of the soil.

Although the principle appears to be straightforward, in

practice the use of BEs can lead to ambiguous and uncertain

results, because signals can be distorted by near-field effects,

cross-talk, and sample size effects [14–19].

A number of methods for the interpretation of BE results

are commonly used, in the time or frequency domain [20–22].

Time domain techniques are generally simple and straightfor-

ward, as the travel time can be directly defined from the mea-

surement of the time interval between characteristic points in

the transmitted and received wave traces. However, the input
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signal is given by the function generator and might not exactly

correspond to the input BE signal [18]. In addition, near-field

and sample size effects contribute to the distortion of the output

signal and lead to misinterpretation. Frequency domain techni-

ques tend to be more elaborate, as they are supported by signal

processing and spectrum analysis tools and enable automated

data acquisition and processing. However, computed signals are

not of the same nature, which also may lead to misinterpreta-

tion. Ferreira [23] found that the exclusive use of either method

proved to be unreliable. Therefore, a practical framework for BE

testing was recently proposed [21], combining two distinct

interpretation methods, in the time and the frequency domains,

as a means to effectively reduce the uncertainty and subjectivity

often associated with BE testing and obtain the most reliable

value for the travel time.

The aforementioned issues can be overcome if two sensors

acting as receivers are used. Ferreira et al. [24] proposed the

instrumentation of specimens with two accelerometers in com-

bination with BEs. In this setup, the signal produced by the BE

transmitter is acquired by the BE receiver and by the two accel-

erometers. The advantages of this setup are two-fold: (i) the

interpretation of the acceleration measurements can be made

directly in both time and frequency domains, as the signals are

of the same nature, and (ii) these measurements can be used to

verify the BE signals and thus minimize the subjectivity of the

interpretation of BE results. This technique has proved to be

reliable, and differences given by these two type of transducers

were less than 7 % in the time domain and 9 % in the frequency

domain.

In the present study a series of tests on unsaturated speci-

mens was carried out using BEs and accelerometers in a

Bishop–Wesley stress-path chamber where soil was allowed to

consolidate under different isotropic stress levels.

Spectral Analysis of Surface Waves

SASW, proposed and developed during the 1980s, is a widely

used method for in situ testing [25,26]. With this non-

destructive method one can use the dispersion of Rayleigh

waves to determine the shear wave velocity, modulus, and depth

of each layer of a pavement profile. Elastic waves are propagated

through materials at low deformation levels, in the range of

10�5. At this deformation level, one can relate the deformations

and mechanical characteristics of materials by using the theory

of elasticity in a linear system. The shear moduli obtained with

these methods are considered as maximum values of G0.

A brief description of the SASW test is presented below.

For a detailed description of the SASW test, one should refer to

Refs 25–27.

SASW testing can be summed up in three steps that lead to

the final result of a stiffness profile for the site: field testing,

dispersion curve evaluation, and inversion process.

Field testing consists of making field measurements of the

surface wave phase velocity VR at numerous wavelengths kR. In

order to ensure the adequate application of an SASW test, it is

necessary to take the energy source and receivers into account,

considering the desirable frequency range, the space between

receivers, and the range of exciting frequencies for each space

adopted. The energy source that generates surface waves is nor-

mally a mechanical (impact) or electromechanical (continuous)

source that applies dynamic vertical loads to the surface. The

receivers are placed vertically and aligned in relation to the

energy source. The selection of the receiver and its spacing

depends mostly on the frequency domain used in the test. In

order to minimize the effects of proximity to the source, mainly

related to body waves and aliasing phenomena in spectral

analysis, it is necessary to impose limitations on the distance L

between the energy source and receivers and on the receiver

spacing d. In Ref 28 the positioning of the receivers is proposed

such that

L >
kR
4

(3)

kR
16
� d < kR(4)

After the field data have been recorded, a dispersion curve

is calculated. For testing with multiple receivers, receiver pairs

are used to determine the dispersion curve. For each receiver

pair, the time histories recorded by the two receivers are trans-

formed into the frequency domain, and the cross-power spec-

trum and coherence function are calculated. The coherence

function represents a signal-to-noise ratio and is often close to 1

in the range of acceptable data. The time delay between

receivers as a function of frequency tðf Þ is calculated from the

phase of the cross-power spectrum. The surface wave velocity

VR is calculated using Eq 5. The corresponding wavelength of

the surface wave kR with a given frequency f is calculated via

Eq 6. Then a dispersion curve (VR versus kR) is obtained.

VR ¼
d

tðf Þ(5)

kR ¼
VR

f
(6)

After a dispersion curve is calculated from the field data,

forward modeling is used in the laboratory to evaluate the shear

wave velocity profile. Forward modeling is the process of

calculating the shear wave velocity profile via trial-and-error

matching of a theoretical dispersion curve with the measured

field dispersion curve. The final result consists of a shear

wave velocity profile, such as the one shown in Fig. 1, where

results from cross-hole tests also performed at the site are

presented [29].

Journal of Testing and Evaluation454

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



According to the theory of elasticity, the relationship

between the velocity of shear waves VS and the velocity of

Rayleigh waves VR in a uniform field is given by Eq 7.

VS � CVR(7)

The constant C is dependent on the Poisson coefficient. For

values of this coefficient of 0.2 and 0.5, C assumes values of 1.09

and 1.05, respectively, which means that the error in evaluating

the Poisson coefficient has little effect on the value of VS. The

value of the shear modulus GSASW is determined from measured

values of the velocity of Rayleigh waves and the density of the

material q via the theory of elasticity, given by Eq 2. In this way

it is possible to convert the vertical profile of velocities into a

profile of shear modulus values.

Laboratory Campaign

A laboratory campaign was conducted in order to evaluate the

shear modulus at very small strains under the same conditions

as in the field. Laboratory tests were carried out on reconstituted

samples of the same material employed in a full-scale trial, with

the aim of investigating the influence of compaction conditions

on the mechanical behavior of this material. Physical, hydro-,

and mechanical characterization was conducted in an attempt

to reproduce field state conditions. For this purpose, the void

ratio was fixed corresponding to 97 % of the modified

Proctor value, and the moisture content was varied, correspond-

ing to 4 % dry of optimum (wOPM�4%), 2 % dry of optimum

(wOPM�2%), optimum (wOPM), or 2 % wet of optimum

(wOPMþ2%). In the following sections, only results relevant to

the present research are presented.

PHYSICAL CHARACTERIZATION

The grain-size distribution curve is plotted in Fig. 2. Table 1

presents the index properties, namely, Atterberg limits and

compaction characteristics determined using the modified Proc-

tor test. According to the Unified Soil Classification System, the

material used is classified as SC.

HYDRO-CHARACTERIZATION

In order to obtain information on the influence of the variation

in moisture content on the behavior of the SC material, we per-

formed hydro-characterization (suction–water content relation-

ship). Specimens were compacted to 97 % of the maximum dry

density of modified Proctor samples (i.e., to the same void ratio)

with a vibrating hammer over the range of moisture contents

employed in the full-scale trial (wOPM�4%, wOPM�2%, wOPM, and

wOPMþ2%).

The filter paper technique was employed to measure the

matric suction of SC specimens [30]. The initial negative pore

FIG. 1 Shear wave velocity profiles determined from SASW and cross-hole

tests at the same site [29].

FIG. 2

SC grain-size distribution.

TABLE 1 Results from identification tests.

Atterberg Limits Modified Proctor

wL wP IP cd , kN=m
3 w, %

32 21 11 20.14 8.6
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water pressure (under r3 ¼ 0) was controlled by means of cali-

brated Whatman #42 filter papers (ashless quantitative Type II)

with a diameter of 9 cm. After compaction, two initially dry

filter papers were placed on the top and bottom of the speci-

mens. The outer filter papers were used for suction measure-

ment, and the filter papers in contact with the specimen were

used to protect the outer filter papers from soil fouling or con-

tamination. To ensure good contact between the specimen and

the filter papers and to make it easier to manage the set, the

specimen and filter papers were sandwiched in acrylic plates

and then wrapped up in a plastic foil. After that, the set was

placed in an airtight plastic bag and stored inside a

temperature-controlled cabin. Then, the filter papers and the

soil specimen moisture content were allowed to equilibrate.

The specimen preparation procedure was the same for all

samples. Each sample was mixed with the right quantity of

water and placed in a sealed plastic bag for 24 h to achieve

uniform moisture conditions. After equilibrium was reached,

specimens were compacted with a vibrating hammer in a cylin-

drical mold 100mm in diameter. During the compaction pro-

cess the specimen height was controlled in order to obtain the

fixed dry density. With this purpose in mind, we prepared

specimens 100mm in diameter and 25-mm high.

The period allowed for the specimens, filter paper, and air

in the sealed container to reach equilibrium was at least 14 days.

At the end of the equilibration period, the filter papers were

removed from the soil specimen, and the wet mass of the outer

filter papers was measured with a high-precision balance with

0.0001-g accuracy. The measurement process was completed

within a few seconds to avoid moisture loss from the filter

papers. Subsequently, filter paper and soil were oven-dried at

110�C for 24 h. The moisture content of each paper was individ-

ually determined. The equilibrium filter paper water content of

the specimen was then converted to a matric suction value using

the calibration curve [31].

A series of tests was conducted over the range of molding

water contents employed in the field investigation and at the

same void ratio, corresponding to 97 % of the modified Proctor

value (e ¼ 0:331). For each series corresponding to a given

molding water content, three tests were carried out in order to

verify repeatability. The parameters of each test are given in

Table 2. Note that although slight variation of the void ratio was

observed, it was considered insignificant.

Figure 3 is a plot of the matric suction versus the saturation

degree for specimens with similar void ratios (about 0.331). The

following calibration equation was used [31]:

log10ðsuctionÞ ¼
4:842� 0:0622� w if w < 47%
6:050� 2:48� log10ðwÞ if w > 47%

�

(8)

where w is the filter paper gravimetric water content.

The matric suctions obtained for the range of molding

water contents from 4 % dry of optimum to 3 % wet of opti-

mum varied from 215 to 8 kPa, respectively. Matric suction was

found to decrease with increasing saturation degree (S) accord-

ing to the expression given in Fig. 3. One notes that there is a

strong power relation with R2 ¼ 0:991 between matric suction

and saturation degree. For the molding water contents studied

(4 % and 2 % dry of optimum, optimum, and 2 % wet of

optimum), the corresponding values of matric suction were

approximately 170, 51, 21, and 11 kPa, considering a void ratio

e ¼ 0:331.

MECHANICAL CHARACTERIZATION IN THE

SMALL-STRAIN DOMAIN

A series of tests using BEs and accelerometers was carried

out on an unsaturated SC specimen. For this purpose, a

Bishop–Wesley stress-path chamber was used and adapted to

TABLE 2 Filter paper method performed on SC specimens

w, % e S, %

4.6 0.342 35.6

4.6 0.332 36.7

4.7 0.329 37.8

6.0 0.329 48.3

6.9 0.335 47.5

6.9 0.331 47.2

9.3 0.319 77.4

9.4 0.322 77.4

9.4 0.334 74.5

11.6 0.321 95.8

11.9 0.323 97.4

11.5 0.320 95.3

Notes: w, molding water content; e, void ratio; S, saturation degree.

FIG. 3 Matric suction versus saturation degree for SC specimens with

approximately the same void ratio (e ¼ 0:331).
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accommodate the bender–extender elements and the acceler-

ometers [24]. The bender–extender elements used in this work

were manufactured by GDS and allowed transmission of

P-waves and S-waves. However, we measured only S-waves,

because of the maximum limit of the acquisition frequency rate

allowed by the acquisition equipment used, which did not

enable the measurement of P-waves. As accelerometers, we

employed two type 4513–001 piezoelectric sensors from Brüel

and Kjær, with sensitivity of 100mV/g, a measurement range of

650 g, a frequency range between 1 and 10 kHz, dimensions of

12.7mm in diameter and 15.65mm in height, and a weight

of approximately 9 g.

The final setup is illustrated in Fig. 4. The conceived testing

system comprised a total of four sensors: two bender–extender

elements placed on the top and bottom, and two accelerometers

placed 2.5 and 17.5 cm from the bottom. The sensor located on

the bottom platen was the transmitter BE that sent seismic

S-waves, which traveled through the specimen and were

received and recorded by the remaining transducers, the

receiver BE, and the accelerometers.

The associated electronics equipment consisted of two

main components: a function generator from Thurlby Thandar

Instruments (model TG1010A) and a National Instruments

data logger system (SCXI–1600), with 16-bit accelerometer

cards (SCXI–1531), connected to a portable computer. The

function generator produced the output signal to a transmitting

BE with the maximum amplitude allowed by the equipment

(610 V) in order to enhance the response of the BE–soil sys-

tem. Reference 15 recommends the use of a single sinusoidal

input pulse because this signal has a narrower frequency spec-

trum and the output signal is expected to have a similar shape.

Specimens 100mm in diameter and 200-mm high were

prepared with moisture contents close to the optimum value

(8.8 %). After moisture equilibrium was reached, and in order

to get the best possible standard homogeneity, compaction was

performed in four layers, each one with the same mass of

material, in a 100-mm diameter cylindrical mold. For the first

50-mm layer, compression was performed until the desired vol-

ume was reached, corresponding to 97 % of the modified Proc-

tor value and a void ratio of 0.331. Each of the remaining three

layers was successively compacted on top of the previous one

using the volume criterion. The interfaces between the different

layers were carefully scarified in order to provide good bonding

between the layers.

Triaxial consolidated drained isotropic tests with measure-

ment of S-wave velocity were conducted on unsaturated SC

specimens. These were submitted to isotropic stresses, namely,

25, 50, 100, 200, and 300 kPa, and consolidation was allowed.

For each stage measurement of S-wave velocity was conducted.

The interpretation of the BE and accelerometer data was

performed in the time domain.

A critical review of the literature showed that the shear

modulus of unbound granular materials at very small strains

follows a power law according to Eq 9.

G0 ¼ Cpn(9)

where:

G0¼maximum shear modulus,

C¼ constant, and

p¼mean stress.

After shear modulus correction to the same void ratio via

Eq 10, with the void ratio function given by Eq 11 and proposed

in Ref 32, data were plotted (Fig. 5(a)) regarding the normalized

moduli versus the total normal stress. Values obtained for Eq 9

are given in Table 3. In Fig. 5(b) we attempt to interpret

FIG. 4

BE and accelerometer setup: (a) scheme;

(b) view [24].

MARTINS AND CORREIA ON FIELD AND LABORATORY MODULI 457

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



the effective normal stress by means of a simple approach con-

sisting of adding suction, determined from Fig. 3, to the total

normal stress. Although suction may vary during an isotropic

test, it is thought that this variation is slight [33]. To some

extent a trend may be observed: results from several tests seem

to be aligned, as would be expected in effective stress analysis

[33]. Values obtained for Eq 9 are given in Table 4.

G
nor

0 ¼ G0
f ðe ¼ 0:331Þ

f ðeÞ(10)

f ðeÞ ¼ ð2:17� eÞ2

ð1þ eÞ(11)

where:

Gnor

0 ¼ normalized maximum shear modulus,

f ðeÞ¼ void ratio function, and

e¼ void ratio.

Field Campaign

A cooperation protocol has been settled on by the National

Railway Network (REFER) and four national research institu-

tions (University of Minho, National Laboratory of Civil Engi-

neering, New University of Lisbon, and Technical University of

Lisbon) to develop knowledge concerning the methodology for

the construction and control of railway embankments and rail

track layers for high-speed trains. The protocol was established

under the framework of National Research Project POCI/ECM/

61114/2004, entitled “Interaction Soil–Rail Track for High

Speed Trains,” financed by the Foundation for Science and

Technology.

A trial embankment was constructed with the cooperation

of REFER, MOTA–ENGIL, and GEOCONTROLE. This took

place near the new railway line between Sines and Caia, in sec-

tion Casa Branca–Évora at PK 106þ 800, about 2.5 km from

FIG. 5 Evolution of normalized shear moduli with (a) total normal stress and (b) effective normal stress obtained from measurements of S-waves on SC unsaturated

specimens under isotropic stress.

TABLE 3 Values of parameters C, n, and coefficient of determina-

tion R2 from normalized shear modulus (e ¼ 0:331)

regression lines at isotropic total stress state.

Bender Elements Accelerometers

Specimen C n R2 C n R2

wOPM�4% 68.0 0.340 0.994 57.5 0.378 0.978

wOPM�2% 50.8 0.350 0.998 37.7 0.410 0.991

wOPM 16.8 0.476 0.990 13.0 0.521 0.993

wOPMþ2% 13.8 0.486 0.997 8.6 0.550 0.990

wdry 6.4 0.677 1.000 4.9 0.760 1.000

TABLE 4 Values of parameters C, n, and coefficient of determina-

tion R2 from normalized shear modulus (e ¼ 0:331)

regression lines at isotropic effective stress state.

Specimen Bender Elements Accelerometers

C n R2 C n R2

wOPM�4% 1.77 0.918 0.984 1.28 0.976 0.884

wOPM�2% 15.59 0.547 0.982 9.54 0.639 0.968

wOPM 8.14 0.601 0.999 5.96 0.655 0.995

wOPMþ2% 9.33 0.555 0.999 5.47 0.628 0.996

wdry 6.37 0.677 1.000 4.85 0.760 1.000
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the Monte das Flores railway station, and tests were run

between October and November of 2006. An experimental pro-

gram was established consisting of the employment of different

materials (Fig. 6) and in situ evaluation of the physical and me-

chanical properties of embankment and sub-balast layers with

different thicknesses and moisture contents, for several energy

levels. For a detailed description of the experimental program,

see Ref 34.

EXPERIMENTAL PROGRAM

A SC was employed in embankment trial layers with 0.30-,

0.40-, and 0.50-m thicknesses and moisture contents 2 % dry of

optimum (wOPM�2%), optimum (wOPM), and 2 % wet of opti-

mum (wOPMþ2%) relative to the modified Proctor value. It

should be noted that poor quality superficial soils were removed

before construction of the trial layers. An excavation 0.60m

deep was made within an area of approximately 2000 m2. In

order to promote homogeneity of the support of the trial

embankment, a foundation 0.60m thick was compacted in two

layers, each 0.30m thick, with the moisture content on the dry

side of the modified Proctor curve (Fig. 7(a)). Each layer was

compacted with an energy level corresponding to 12 passes of

the vibrating roller.

Trial layers were constructed with dimensions in plant of

25 and 50m in length and 6m in width. A mesh was then cre-

ated in order to establish locations for field tests, as illustrated

in Fig. 7(b). This consisted in dividing the width into 2-m lanes

(A, B, and C) and the length into 5-m columns (1 to 10), result-

ing in grids with dimensions of ð5� 2Þm2. A set of field tests

was conducted in selected grids to evaluate the physical and me-

chanical properties of the trial layer for each energy level

applied. Figure 7(b) shows the experimental plan for a trial layer

0.40m thick with a moisture content close to optimum (0.40m

wOPM) at an energy level corresponding to 12 passages of the

vibrating roller.

Because the nuclear method was employed in different

grids than SASW tests, the spatial distribution of state condi-

tions was computed from in situ test results in order to estimate

conditions regarding SASW tests. The void ratio and moisture

content spatial distribution presented in Fig. 8 was derived using

inverse distance weight interpolation. This method takes into

account the assumption that results that are close to one

another are more alike than those that are farther apart.

SPECTRAL ANALYSIS OF SURFACEWAVES

For the purposes of the present work, SASW tests were

conducted on an SC trial layer with 0.40-m thickness and a

FIG. 6 General overview of SC trial layer.

FIG. 7

(a) Embankment profile; (b) trial layer mesh with

field test location. NM, nuclear method.
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moisture content close to optimum (0.40m wOPM) inside grids

B6 and B9 (Fig. 7(b)). The setup involved the instrumentation

of the surface layer with accelerometers placed at equal distan-

ces, as illustrated in Fig. 9. Four vertical receivers (accelerome-

ters) were placed on the ground at an equal distance from a

fixed centerline. Because an upper compacted layer of about

0.40m and a foundation layer of about 0.60m (see Fig. 7(a))

were under consideration, 1-m receiver spacing was used in this

study.

An impulsive load was applied in line with the receivers at

a distance from the receiver equal to the receiver spacing. To

improve the signal-to-noise ratio, we repeated the impacts

several times (about 20 impacts). A reverse test was also per-

formed with the source on the opposite side of the receiver

array, in order to confirm the first test. Active Rayleigh wave

data were generated using a light hammer source.

The signals picked up by the receivers were recorded by a

laptop with an acquisition program developed in LabVIEW. A

National Instruments SCXI 1600 acquisition system with

accelerometer card 1531, with a maximum sampling rate of 200

kS/s and a resolution of 16 bits, was used to collect the signals

from both the source and the receiving accelerometers. Data

acquisition was performed at a frequency of 2 kHz per channel

(Dt ¼ 0:0005 s).

The software Signal Processing in Civil Engineering

(SPICE) v2.0 was used for spectral analysis. For each pair of sig-

nals, one pair involving receivers Ac1 and Ac2 with 1-m spacing

and another involving receivers Ac2 and Ac4 with 2-m spacing,

we obtained an estimate of the dispersion curve over a certain

frequency range, considering the filtering criterion and coher-

ence between signals of 0.90. By assembling the information

from the different pairs of receivers, we obtained the composite

dispersion curve shown in Fig. 10. Because the experimental dis-

persion curve corresponding to the reverse test spanned a short

frequency range, data were discarded. The good agreement

between theoretical and experimental composite dispersion

curves is verified in Fig. 10.

Then a shear wave profile was computed using all data

available for the trial layer and foundation layer, namely, foun-

dation and compacted layer thicknesses (0.40 and 0.60m,

respectively) and density (Fig. 11). For this purpose, state condi-

tions obtained from spatial analysis at grids B6 and B9 were

employed.

In order to achieve the best fit of the theoretical dispersion

curve to the experimental dispersion curve, we conducted the

inversion process in an iterative way, starting with three layers,

until a satisfactory result was achieved. We note that because of

the sensor spacing, the shear wave profile beyond the 2-m depth

should be discarded. From the shear wave profile, the shear

modulus can be computed according to Eq 2.

FIG. 8

State condition spatial analysis for trial layer 40 cm

wOPM: (a) void ratio; (b) moisture content.

FIG. 9 Setup adopted to perform SASW on layer 0.40 wOPM.
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Comparison between Field

and Laboratory Results

Comparison between the shear modulus obtained from SASW

tests carried out on 0.40m wOPM and the shear modulus com-

puted from laboratory S-wave measurements was performed.

We highlight that the methodology for the determination of

moduli was based on S-wave propagation through geomaterial,

and thus involved similar stress and strain levels.

The state conditions and shear moduli determined from

field and laboratory tests are summarized in Table 5. From Fig. 8

one can see that field tests were carried out on grids with mois-

ture contents 1.2 % dry of optimum (grid B6) and 0.5 % dry of

optimum (grid B9) and void ratios of 0.330 and 0.370, respec-

tively. Note that these are average values. Because these data did

not clearly match the state conditions from laboratory speci-

mens, the laboratory shear modulus was corrected, taking into

account the field void ratio and moisture content, according to

the following approach.

First, the saturation degree was computed from field state

conditions and the matric suction was determined according to

the equation given in Fig. 3. It should be borne in mind that for

grid B9, the matric suction is just an approximation, as the

curve representing laboratory matric suction versus saturation

degree was determined for a void ratio of 0.331, whereas the

field void ratio was 0.370. In fact, hydro-characterization of

static compacted specimens of the same material shows that

suction at a saturation degree of about 58 % and a void ratio of

0.373 is 46 % lower than the corresponding suction value for a

void ratio of 0.331 [35].

Second, the effective normal stress at the middle of the trial

layer was computed. For this, a total stress of about 2.6 kPa

corresponding to normal stress at the middle of the trial layer

was considered. Because of the unsaturated condition, matric

suction was added and an effective normal stress was obtained

via Eq 9. Data are given in Table 4. This is considered a reasona-

ble approximation taking into account a high saturation degree

(about 60 %) [33].

FIG. 10 Theoretical and experimental composite dispersion curve from SASW carried out on layer 0.40 m wOPM inside grids (a) B6 and (b) B9.

FIG. 11 Shear wave profile from SASW carried out on layer 0.40 m wOPM inside grids (a) B6 and (b) B9.
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Third, the laboratory shear modulus was computed via

interpolation between the optimum moisture content and

results at 2 % dry of optimum, and finally the shear modulus

was normalized for the same void ratio.

A comparison plot of field versus laboratory results is pre-

sented in Fig. 12. In the results of the SASW test performed

inside grid B6, where the field void ratio (0.330) was similar to

the laboratory void ratio (0.331), a difference of 14 % between

the SASW shear modulus and the shear modulus computed

from S-wave measurements with accelerometers is observed.

However, the shear modulus computed from S-wave measure-

ments with BEs was about 31 % higher. Although specimens’

moisture contents were not the same as the field moisture

content, a reasonable relationship between field and laboratory

S-wave measurements with accelerometer results was found.

Concerning the results obtained from the SASW test per-

formed at grid B9, where the field void ratio (0.370) was higher

than the laboratory void ratio (0.331), moduli comparison

showed a difference of 18 % and 34 % in the shear modulus

computed from S-wave measurements with accelerometers and

BEs, respectively. This greater difference is thought to be due to

a field void ratio (0.337) higher than the laboratory void ratio

(0.331). This was not unexpected, as it is known that a higher

void ratio leads to a lower matric suction value, as long as the

same saturation degree is considered. Consequently, the effec-

tive normal stress will be lower, and therefore a lower modulus

will be obtained. Indeed, if the matric suction in grid B9 were

reduced by 46 % [35], then the difference between field and

laboratory moduli would be less than 10 %, and hence the rela-

tionship would be greatly improved.

Although specimens’ moisture contents were not the same

as the field moisture content, a reasonable relationship between

field and laboratory results was found, as long as the void ratio

and saturation degree were considered. It should be pointed out

that the saturation degree has a great influence on the determi-

nation of the effective normal stress; thus laboratory hydro-

characterization of dynamic compacted specimens for different

void ratios is required.

Conclusions

It is in the range of elastic behavior that Young’s modulus E and

the shear modulus G are key parameters for both dynamic and

static geotechnical problems. In this scope, both laboratory and

field tests assume great importance in the determination of

these parameters.

In the present work, the relationship between laboratory

and field shear modulus values was established. Both were

determined from wave measurements and thus involved similar

stress–strain conditions. Despite differences between field

and laboratory moisture contents, reasonable agreement was

obtained when the shear modulus was normalized for the same

void ratio and effective normal stress. Considering that designs

are based on mechanical properties usually determined from

laboratory tests, the relationship between field and laboratory

results is of great importance, because it allows a connection

between rational design parameters and performance evalua-

tion. Thus quality control/quality assurance is enhanced, pro-

moting a sustainable approach to design and construction.

This study shows that laboratory hydro-mechanical charac-

terization of materials to be used in compacted layers under un-

saturated conditions is required with regard to field moisture

content and void ratio, and a laboratory approach is described.

An approach for comparison of laboratory and field shear mod-

ulus values determined under unsaturated conditions is also

described, considering field conditions (void ratio and moisture

content) and stress state.

These results allow us to conclude that SASW represents a

powerful tool for the evaluation of mechanical behavior in the

range of elastic behavior of compacted layers. Because the

TABLE 5 Field and laboratory conditions and modulus for SC

geomaterial.

Field Laboratory Field Laboratory

Grid B6 BE Acc Grid B9 BE Acc

c, kN/m3 20.99 21.21 20.51 21.21

w, % 7.4 7.4 8.1 8.1

e 0.370 0.331 0.370 0.331

S; % 59.4 58.0

s, kPa 38.5 41.7

p0, kPa 41.1 44.2

Vs, m/s 195 178

G0, MPa 81 106 92 66 95 84

f ðe fieldÞ, f ðe labÞ 2.55 2.54 2.36 2.54

Gnor
0field, MPa 81 106 92 66 88 78

Note: Acc, accelerometer.

FIG. 12 Field versus laboratory shear modulus.

Journal of Testing and Evaluation462

Copyright by ASTM Int'l (all rights reserved); Tue Mar 24 09:08:34 EDT 2015
Downloaded/printed by
David Dammon (Dammon Engineering) pursuant to License Agreement. No further reproductions authorized.



geometric conditions are known and the state conditions are

determined through current field practice, unknown parameters

in the inversion process are reduced, enabling a more reliable

determination of the mechanical properties of compacted

layers.
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ABSTRACT

Real-time measurement of the tire–road friction coefficient is extremely valuable for road-

maintenance operations and highway safety management. This paper presents a systematic

framework to predict skid resistance of wet pavement with a non-contact method, which

could be a potential approach for real-time measurements of pavement friction. The grip

potential of pavement is estimated according to the measured pavement texture based on

theoretical simulation of the complete hysteresis and partial adhesive effects during tire

sliding on wet pavement. Such a method could be potentially used for the purpose of

harmonization analysis of skid resistance and potential capability of optimization of

pavement surface texture.

Keywords
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Introduction

The safe passage of road traffic needs a certain amount of grip between the tires of the vehicles

and the road surface. The frictional forces are necessary for vehicle maneuvers, such as accelera-

tion, braking, or safely cornering. The level of frictional forces depends on contact geometry and

topology, properties of the bulk and surface materials of the bodies, displacement and relative

velocity of the bodies, and presence of lubrication.

To characterize road surfaces with respect to friction, many countries have derived their own

test methods for several decades, measuring in some way the frictional force developed between a

moving tire or slider and the road surface, and recording the quotient of the measured force with

the applied vertical load. These are, of necessity, very much simplified to assess, specifically, the

condition of the road surface. As current available standardized test methods all simplify the real-

ity of the complex friction process in the tire–road interface during vehicle maneuvers, it is
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difficult to harmonize analysis between the outputs of those test

methods for the purpose of global improvement on road traffic

safety.

In this paper, a non-contact method to predict the skid

resistance of wet pavements is proposed. The skid resistance is

simulated with complete hysteretic effects and partial adhesive

effects. The theoretical skid resistances predicted by the model

are compared with test results of 17 specimens. It is concluded

that the approach can be potentially adopted for wet grip

prediction.

Schematic Framework of

Non-Contact Method Prediction

TIRE ANDWET PAVEMENT CONTACT IN MACRO-SCALE

As is well known, three distinct zones exist when rubber tires

slide over wet pavement [1]: the hydrodynamic region I

(squeeze film region in which the tire is fully floated), the vis-

cous hydrodynamic region II (transition zone in which the tire

is partially floated), and the complete dry contact region III

(traction regime in which the tire attaches to the road directly)

(Figs. 1 and 2). It is worth noting that the occurrence of individ-

ual regions depends on the water depth and the tire-sliding

velocity.

ORIGINATION OF THE SKID RESISTANCE OF PAVEMENT

IN MICRO-SCALE

The skid resistance of a pavement originating from the interac-

tion between a rubber tire and pavement involves comprehen-

sive and complex physical mechanisms, like adhesion,

hysteresis, cohesion, and viscous friction, of which adhesion

and hysteresis are known to be primary contributions (Fig. 3)

[1–5].

The adhesion component arises from molecular interac-

tions between the two surfaces during the sliding process, and

can be strongly reduced because of interfacial lubricating [6].

The hysteresis component, referred to as the deformation con-

tribution, results from the energy lost through the macroscopic

dynamic deformation process of a certain volume of rubber

induced by surface roughness. Also, the level of hysteresis fric-

tion is promoted with increasing surface roughness and appears

to be a determining factor for tire grip performance under wet

conditions. Both effects of adhesion and hysteresis depend on

small relative motion between the contact partner’s tire tread

and the road surface of the contact area.

SCHEMATIC FRAMEWORK OF NON-CONTACT METHOD

PREDICTION

To predict wet skid resistance five basic assumptions are

adopted, and the schematic framework is illustrated in Fig. 4:

(1) Wet grip of pavement is allocated to complete hysteretic
effects and partial adhesive effects, which can be simpli-
fied by a nominal parameter b, rf 0 ¼ ðlhys þ b � ladhÞr0;

(2) The hysteretic friction depends only on the complex visco-
elastic modulus of the rubber and on the substrate surface
roughness power spectrum according to Persson [2];

FIG. 1 Tire–road contact information according to Moore [1].

FIG. 2 Nominal slip-friction coefficient curve.

FIG. 3 Schematic representation of the main mechanisms of rubber friction

at dry condition [1].
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(3) The adhesive effect relies on the real area of contact
combined with a velocity-dependent interfacial shear
strength, which reflects the kinetics of peeling effects of
rubber on the smallest length scales during the sliding
process [3];

(4) Vertical displacement of the pavement under tire load
can be ignored; and

(5) Statistical properties of the pavement surface are iso-
tropic and translationally invariant within the surface
plane.

Theoretical Background of the

Friction Model

During the last several decades, a great deal of research has

been carried out to gain a better understanding of friction and

contact mechanics. Persson [2] has proposed a novel theory to

predict hysteresis friction between a viscoelastic solid and a

rough rigid substrate, such as the case of tire–road friction. The

theory was developed for randomly rough surfaces with statisti-

cal properties that are translationally invariant and isotropic, for

which the surface power spectral density (PSD) C(q) depends

on the wave vector q only through its module q¼ |q|, as defined

in Eq 1:

CðqÞ ¼ 1
4p2

ð
d2xhhðXÞhð0Þie�iq�X(1)

where:

hðXÞ¼ the substrate height profile measured from the aver-

age surface plane, defined so that hhð0Þi ¼ 0, and

h…i¼ averaging over the total surface.

Figure 5 shows the surface power spectrum calculated from

the height profile measured for an asphalt pavement. As

illustrated in Fig. 5, C(q) shows a power-law dependence on the

wave vector q in a certain wave range, as expected for a self-

affine fractal surface.

The contribution to rubber friction from the viscoelastic

deformation of the rubber surface by the substrate asperities is

dependent only on the complex viscoelastic modulus of the rub-

ber and roughness spectrum of road. As the three-parameter

constitutive models [3–5] are proved not suitable to characterize

the real viscoelastic behaviors of the rubber tire rim over a range

of temperature levels, a generalized Maxwell model is adopted,

as shown in Fig. 6. The constants of Ei and gi represent various

spring and damper elements of the model, and the constant E0
is referred to as the long-term or equilibrium modulus. The

FIG. 4

Schematic framework of non-contact method

prediction.

FIG. 5 Roughness spectrum as a function of wave vector.
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dynamic modulus of the model is expressed by the Prony series

as Eq 2,

EðjxÞ ¼ E0 þ
Xn
i¼1

Ei
ðsixÞ2

1þ ðsixÞ2
þ j
Xn
i¼1

gi
x

1þ ðsixÞ2
(2)

where:

EðjxÞ¼ the complex modulus,

si ¼ gi=Ei¼ the characteristic periods of the viscous ele-

ments, and

x¼ the circular frequency.

The temperature–frequency effects are taken into account

based on the Williams–Landel–Ferry (WLF) transformation.

Hysteresis friction is characterized by the energy dissipation

within the rubber tire rim, which is caused by its viscoelastic

deformation while passing the road asperities on all relevant

length scales, as shown in Fig. 7 for a case where roughness

occurs on two length scales.

Based on the picture shown in Fig. 3, a set of equations

describing the friction acting on a rubber block squeezed with

the stress r0 against a hard randomly rough surface can be

derived. Neglecting the flash temperature, the nominal hyste-

retic friction stress rf 0 ¼ lhysr0 is determined by a sum over

different length scales given by the following equations [2,4,7],

lhys ¼
1
2

ðq�1
q�0

dq q3CðqÞPðqÞ �
ð2p
0
d/ cos/ Im

EðjxÞ
ð1� t2Þr0

(3)

The function PðqÞ is given by,

PðqÞ ¼ 2
p

ð1
0
dx

sin x
x

exp½�x2GðqÞ� ¼ erf
1

2
ffiffiffiffiffiffiffiffiffiffi
GðqÞ

p
 !

(4)

with

GðqÞ ¼ 1
8

ðq
q�0

dq q3CðqÞ �
ð2p
0
d/

Eðqv cos/Þ
ð1� t2Þr0

����
����
2

(5)

where:

r0¼ the averaged pressure in the nominal contact area A0,

t¼Poisson’s ratio, which equals 0.5 for rubber,

FIG. 6 Generalized model for rubber.

FIG. 7 The dissipated energy per unit volume of two-scale asperity contact

regions [7].

FIG. 8 Simulated hysteresis friction coefficient curves.

FIG. 9 Simulated interfacial shear strength curve with ss0¼ 1. Case 1:

n¼0.75, vc ¼ 10�4 m/s, E1/E0¼ 1000; case 2: n¼0.3, vc¼ 1 m/s, E1/

E0¼ 100.
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v¼ the sliding velocity,

q�0 ¼ the smallest relevant wave vector of order 2p/L,

L¼ the diameter of the nominal contact area, and

q�1 is the large wave vector cutoff.

The real contact area is given by A=A0 ¼ Pðq�
1
Þ. The cutoff

length 1=q�1 depends, in general, on the rubber compound used

and on the nature of the road surface, which are normally of the

order of a few micrometers, consistent with the linear size of the

smallest wear particles.

Figure 8 shows the simulated friction coefficient curve at

different temperatures with regard to different pavement surfa-

ces of varying fractal dimension. According to Fig. 8, both the

temperature of rubber and surface roughness of the substrate

have a crucial influence on rubber friction, confirming the cor-

rectness of the basic assumption (3).

As investigation has demonstrated, adhesion can even take

place during rubber sliding friction on wet rough surfaces, and

the presence of lubricant is a necessary, but not always a

sufficient, condition for the suppression of adhesion [6]. A sim-

ple formulation of the adhesion friction given by Heinrich et al.

[3] is adopted:

ladh ¼
ss
r0

A
A0

(6)

where:

ss¼ the true interfacial shear strength required to break

contact junctions, calculated with the empirical equation,

ss ¼ ss0 1þ E1=E0
ð1þ ðvc=vÞÞn

� �
(7)

where:

n¼ a material-dependent exponent,

ss0¼ the interfacial shear strength in the limit of very low

velocities,

vc¼ the critical velocity above which the true interfacial

shear strength ss is constant, and

E1=E0¼ the step height of the dynamic modulus between

rubbery and glassy state.

Typical curves of the interfacial shear strength and the

simulated adhesive friction coefficient are shown in Figs. 9

and 10.

Model Validation with Dynamic

Friction Tester

To validate the system described above, a set of tests have been

launched to measure the dynamic friction and surface texture.

In total, 17 HMA specimens, including stone matrix asphalt

(SMA-13), dense grade asphalt concrete (DAC-13), and epoxy

asphalt concrete (EAC-10), made in the laboratory, have been

tested.

FIG. 11
Typical dynamic friction coefficient measured

by DFT.

FIG. 10 Simulated adhesive friction coefficient curve.
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DYNAMIC FRICTION MEASUREMENTS

Dynamic friction measurements were carried out immediately

after texture measurement by a dynamic friction coefficient tes-

ter (DFT), as shown in Fig. 11. When testing launches, the head

is launched until an equivalent speed of 100 km/h is reached.

When the speed reaches 90 km/h, water is projected onto the

specimen surface. At 100 km/h, the motor is stopped and the

disc is dropped until the rubber pads touch the specimen sur-

face. The rotation is stopped by friction between the rubber

pads and the specimen surface; the braking curve is recorded,

shown in Fig. 11. The friction curve is smoothed and the value at

60 km/h has been included in the analysis.

TEXTURE AND HEIGHT PROFILE MEASUREMENTS

The texture and height profiles are measured combined with a

non-contact, high-resolution optical metrology tool with a laser

sensor. Its vertical resolution is 2lm. Horizontal resolution is

10 lm. As the surface power spectral density can be calculated

based on 1D height profiles using the dimensional reduction

method [8], only 1D height profiles are measured to improve

the efficiency. For each plate, texture profiles are located on the

crown at three directions, and at each direction comprise at

least five parallel profiles of 100mm, spaced every 0.2mm, with

a sampling interval of 4 lm. Raw profile data were filtered and

were then used to calculate the average surface power spectral

density as inputs of the friction model to predict the hysteresis

friction coefficient (Fig. 12).

The predicted friction coefficients of the specimen calcu-

lated were then compared with the dynamic friction coefficient

measured by DFT by a regression analysis. As shown in Fig. 13,

the predicted value can be fitted with the measured results with

a linear model. The R2¼ 0.78, and most of the points lie

between the boundaries of 90 % confidence, which demon-

strates that the tool can be potentially used for wet grip

prediction.

Conclusion

A non-contact method for predicting the wet grip potential of

asphalt pavement has been systematically presented to include

complete hysteresis friction and partial adhesive friction effect

with an extended rubber material model. The predicted friction

coefficients of the specimens calculated compare well with

measured results from a dynamic friction tester, which demon-

strates that the tool can be promisingly adopted for wet grip

prediction.
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ABSTRACT

To reduce the danger due to uneven surfaces because of manholes, lowering manholes into

road structures is a good approach to maintain the serviceability of the pavement. However,

the vast expanse of road systems quite increases the complexity of manhole identifications

when implementing maintenance and rehabilitation (M&R) activities. Hence, an emerging

method for finding manholes beneath pavements is needed. In this study, radio frequency

identification (RFID) technology is used to identify manholes beneath pavements. RFID tags

with cement blocks were buried in dense-grade asphalt concrete at different depths in a

metal mold and then were identified using RFID in the laboratory. This study developed an

easy-to-use program on an RFID reader to identify RFID tags on-site. The RFID tags

attached to covers of manholes beneath pavements can be easily monitored by the

program. Augmented reality (AR) technology can aid users in manipulating virtual objects in

real environments. This study developed a mobile manhole monitoring system (MMS) and a

web-based MMS. The location and information of manholes can be transmitted from the

web-based MMS through the Internet and be shown on the mobile MMS based on the AR

technology. The time and costs of manhole identification can be significantly decreased and

pavement maintenance activities may be implemented in a more timely fashion by using

RFID and AR technologies.

Keywords

manholes, radio frequency identification (RFID), augmented reality (AR)

Introduction

A manhole on the top of pavement is used to house an access point for maintaining buried public

utility and other services including sewers, telephone lines, electricity, storm drains, and gas. In
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Taiwan, in most cases the top of the manhole does not match

the level of the road surface, resulting in uneven surfaces. A

danger to traffic, manhole covers cause numerous accidents as

motorcyclists may lose control when they strike a manhole

cover. Road authorities thus need to perform appropriate and

timely maintenance and rehabilitation (M&R) activities.

In recent years, road authorities in Taiwan have made great

efforts to level manholes in road structures so that the roads

have a flat surface. For instance, the Taipei City Government has

conducted the Smooth Roads Project, which calls for resurfacing

all major roads in the city from 2009 to 2014. For a start, manhole

covers on roads more than 8ms wide are leveled. However, it is

not easy to find the manholes from underground if it is necessary

to open the manhole covers to perform maintenance. Tradition-

ally, a handheld metal detector was used to find underground

manholes, which is time-consuming. Thus, it is essential to develop

a new method to find manholes beneath pavements.

Radio frequency identification (RFID) technology is a

known feasible approach in manhole inspection operations.

However, currently few studies have discussed the application

of RFID to manhole detection. Chang et al. [1] analyzed the

pros and cons of metal detection, global positioning system

(GPS) location, and RFID authentication approaches as well as

their restrictions. Chang et al. [2] discussed the standard devia-

tion (S.D.) and coefficient of variation (C.V.) when using RFID

to identify manholes beneath pavements. They found that with

increasing reading distance, the S.D. and C.V. increase. In addi-

tion, the rapid development of wireless communications and

mobile devices in recent years has greatly improved positioning

services and information delivery. This has boosted augmented

reality (AR) technology development. AR technology can help

field road engineers complete their tasks more efficiently. Exam-

ples of such applications include car navigation, emergency serv-

ices, tour planning, and yellow maps information delivery [3,4].

In this study, the performance of RFID in detecting man-

holes was evaluated in the laboratory, including the effect of

temperature, asphalt content, burial depth, and reading distance

on the RFID tags. An easy-to-use program developed on the

RFID reader can be used to rapidly identify RFID tags on site.

Furthermore, a mobile manhole monitoring system (MMS) (an

Android app) based on AR technology and a web-based MMS

were developed. Field engineers are able to use the mobile MMS

to retrieve the information on neighboring manholes from the

web-based MMS on site. Field engineers can dynamically

browse detailed information on the neighboring manholes in

real time through the AR technology in their mobile MMS.

Methods

MATERIALS

To evaluate the feasibility of manhole identification beneath

pavement using RFID and AR technology, dense-grade asphalt

concrete was used in this study. A dense gradation provides

closer contacts among aggregate particles. Stripping-resistant

aggregate with dense gradation (Fig. 1) and the asphalt binder

with penetration grade bitumen 60/70 (AC-20) were hot mixed

under controlled laboratory conditions. The gradation should

be maintained on the middle between the upper and lower lim-

its of the band. Dense-graded hot mix asphalt was designed

using standard Marshall procedure to obtain the optimal

asphalt content (OAC). Test results show that the optimal

asphalt content (OAC) is 5.2 %, corresponding to 4 % void

ratio.

RFID TECHNOLOGY

In this study, an H35B UHF RFID reader and tags whose fre-

quency ranged from 902 to 928 MHz were used to conduct a se-

ries of tests to identify manholes beneath pavements. The H35B

UHF RFID reader possesses a compact handheld computer

with Microsoft Windows CE 5.0 system. In addition, the H35B

uses an external antenna to scan RFID tags and incorporates a

transflective LCD with touchscreen, Wi-Fi, keypad, and Blue-

tooth communication capabilities.

RFID is a wireless data collection technology which uses

electronic tags, also called electronic labels, for storing data. The

tag with 70mm length by 30mm width is made up of an inte-

grated circuit chip. Even though the H35B UHF RFID reader

can read tags at a distance, the performances of reading tags

beneath pavements are not clear, especially the influences of

properties of pavement material and burial depth on RFID sig-

nal interruption.

We use the Java programming language to develop an easy-

to-use program on the RFID reader, as shown in Fig. 2. Clicking

the “start” function on-site, the RFID reader instantly scans the

neighboring RFID tags on manholes beneath pavements and

displays the information about the manhole. The detailed infor-

mation includes utility type, number of piles, burial time, burial

depth (m), and burial company. The manhole belonging to

FIG. 1 Gradation of aggregate used in this study.
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cable television (CATV) is detected in Fig. 2. The detailed infor-

mation of manholes is organized in a comprehensive database.

In this study, a RFID tag was placed at the bottom of a

metal mold with diameter of 20 cm. Dense-grade asphalt con-

crete was then compacted into the mold and laid over the RFID

tag. To evaluate the effects of the properties of pavement mate-

rial and burial depth on RFID signal interruption, the speci-

mens are compacted at optimal asphalt content (OAC), OAC-

1 % and OAC þ1 % at 10, 20, 30, 40, and 50 cm thickness and

at dry unit weight of OAC. The test equipment is shown in

Fig. 3. In addition, the influence of temperature on the tags was

also evaluated, since asphalt pavement is paved under high tem-

perature. The tags were detected by RFID reader at 25 and

120�C. An average of ten scans was used to evaluate the

performance of underground manhole identification using

RFID technology.

AUGMENTED REALITY TECHNOLOGY

AR is a promising technology which superimposes computer-

generated information in textual or graphical format over a

user’s view of the real world. The user’s view of the real world is

augmented or enhanced beyond the normal experience [5].

Such computer-generated information is usually location-

related to the user and can assist in significantly improving the

performance of engineering tasks. AR is different from virtual

reality (VR), a visualization technology that has been developed

for several decades. VR completely submerges the user inside a

synthetic or artificial environment. While submerged, the user

cannot view the real world around him. By contrast, AR does

not completely replace the real world. Instead, the real world is

supplemented with meaningful information. Real and virtual

objects thus coexist in an augmented space [6]. The advantage

of AR is that the real world is viewed as a ready-made backdrop

for displaying superimposed information of interest [7]. Figure 4

shows examples of what this might look like. It shows real street

scenes with several real cars and buildings from the screen of

mobile phone. Inside this real street scene, the virtual icons

are superimposed and indicate the location of manholes. Note

that the objects are combined in 3D space, so that the virtual

icons cover the real street scene. One can click the icon to

further display detailed information on manholes, including

utility type, number of piles, burial date, burial depth (m), and

the burial company.

AR enabling technologies have been researched in a dra-

matically increasing number of studies in several fields of sci-

ence and engineering during the recent years. For example, for

entry-point guidance prior to vertebroplasty spinal surgery [8],

information gathering and human navigation for situation

awareness in military [9], the extent of horizontal displacements

sustained by structural elements due to extreme loading condi-

tions [10], and a computer-mediated remote collaborative

design system to enhance the distributed cognition among

FIG. 3 Test equipment of manhole identification using RFID technology.

FIG. 4 Examples of AR technology.

FIG. 2 The program developed on the RFID reader.
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remote designers [11] represent several mature applications of

AR technology. There have so far been few related applications

in the manhole identifications.

Results and Discussion

PERFORMANCE OF IDENTIFICATION UNDERGROUND

MANHOLE USING RFID TECHNOLOGY

It is needed to consider the temperature effect on identification

manhole when using RFID technology because a road is paved

under high temperature using asphalt concrete. The tags were

put into an oven at 25 and 120�C without laying asphalt con-

crete on the tags. They were detected by RFID after cooling.

The data displaced on the transflective LCD of the RFID reader

are the number of times detected by the RFID at the same time

interval. Table 1 shows the temperature effect on detecting the

tags using RFID at 25 and 120�C. From Table 1, after ten meas-

urements, the average times scanned by RFID decreased slightly

with increasing temperature. In addition, the S.D. and C.V. are

also slightly influenced by temperature. The tags can work well

even at the high temperature of 120�C. It appears that the tem-

perature effect on the tags is limited.

To evaluate the performance of underground manhole

identification using RFID technology, a series of tests was car-

ried out in the laboratory. First, a tag was buried in a cement

block to reduce damage causing by compacting asphalt con-

crete. A tag with cement block was put into the bottom of round

metal pail and then the dense-grade asphalt concrete with dif-

ferent asphalt contents (OAC-1 %, OAC, and OACþ1 %) was

paved on the tag and compacted to the same density. The tag

was scanned as asphalt concrete was compacted to 10, 20, 30,

40, and 50 cm thicknesses to simulate the depth of the manhole

beneath the pavement. At the same time, the distance between

the RFID antenna and the surface of asphalt concrete, i.e., the

reading distance, was fixed at 10, 20, 30, 40, and 50 cm.

Tables 2–6 show the effects of asphalt content and reading

distance on detection of RFID tags buried in asphalt concrete at

10, 20, 30, 40, and 50 cm depth, respectively. The test results

show that at different reading distances and burial depths, the

performance of tags identification is the better at OAC than

that at OAC-1 % and OACþ1 %. With increasing reading dis-

tance, the average number of times detected by RFID exhibits

an obvious decrease at OAC-1 % and OACþ1 %. However, this

effect is slight at OAC. With increasing depth, the average

number of times detected decreases at the same asphalt content

and reading distance. The performance of tags identification is

dependent on the attenuation of electromagnetic wave during

propagation, which is related with the permittivity of transmis-

sion. The energy loss is low when electromagnetic wave propa-

gates in a transmission with low permittivity. In addition, at

different depths, the average number of times detected by RFID

is lower than for tags without asphalt concrete. This means that

the asphalt concrete has a barrier effect.

From Tables 2–6, it is also found that the influence of

asphalt content on the performance of identification under-

ground manholes using RFID technology is most obvious, fol-

lowed by burial depth and reading distance. In addition, from

the discussion above, the temperature effect is the least impor-

tant. Hence, RFID technology may have limitations in identify-

ing underground manholes. To offset this limitation, an AR

technology was used to enhance management of underground

manholes, as described below.

DEVELOPMENT AND IMPLEMENTATION OF THEMOBILE

MANHOLEMONITORING SYSTEM (MMS) ANDWEB-BASED

MMS

The overall architecture of the MMS includes an on-site module

and a management module, as shown in Fig. 5. We use Java

programming language to develop the mobile MMS on mobile

phones (on-site module) and the web-based MMS (manage-

ment module). The application (app) for the mobile MMS is

about 580 KB. The interface of the mobile MMS is designed to

be simple and easy-to-use for general field engineers. Further-

more, based on the aforementioned database built by the RFID

reader, the web-based MMS is developed using the concept of

geographic information system (GIS) to provide data collection,

TABLE 1 Temperature effect on the tags.

25�C 120�C

Average (Times) 30.4 29.3

S.D. (Times) 1.58 1.57

C.V. (%) 5.19 5.35

TABLE 2 Effect of asphalt content and reading distance on the tags

at a depth of 10 cm.

The Number of Times Detected by RFID

Reading
Distance (cm) 10 20 30 40 50

OAC-1 % 27.9 25.2 23.7 21.7 21.3

OAC 29.6 29.2 29.0 29.0 29

OACþ1 % 29.4 27.8 26.6 25.8 25.0

TABLE 3 Effect of asphalt content and reading distance on the tags

at a depth of 20 cm.

The Number of Times Detected by RFID

Reading
Distance (cm) 10 20 30 40 50

OAC-1 % 27.3 24.9 22.2 20.9 20.8

OAC 29.4 29.2 29.0 28.6 28.3

OACþ1 % 28.7 25.5 25.3 23.4 22.9
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display, and post-analyses of manholes. Figure 5 is drawn

according to the actual operations in the field.

On-Site Module

After clicking the “Mobile MMS ” function in Fig. 5, the field

engineer is located through the built-in GPS function in the mo-

bile phone. If the engineer is sheltered from buildings and satel-

lites cannot be accessed, the mobile MMS will automatically

activate the assisted-global positioning system (A-GPS) func-

tion. The engineer then can be located by connecting to the

server through Internet. Note that the positioning accuracy of

A-GPS is lower than that of GPS.

After locating the engineer, the mobile MMS browses the

information of neighboring manholes in the web-based MMS

database at the management module. The information is imme-

diately transmitted from the web-based MMS to the mobile

MMS and displayed on the default “Map View” interface using

Google Maps. In the mobile MMS system, represents the

location of the engineer and represents a manhole, as shown

in Fig. 5. The engineer can select the “AR View” function to

switch on the built-in camera in the mobile phone. In the “AR

View” mode, the engineer can turn around holding the mobile

phone, and view the surroundings as well as the manholes in

different directions through the camera, as shown in Fig. 5. In

addition to the superimposed icons, a summary of manholes

(Utility Type) may also be displayed. AR can superimpose vir-

tual objects (manholes) on the actual scene for display on the

screen of mobile phone.

In either “Map View” or “AR View” mode, the engineer

can click the icon to display detailed information on man-

holes, including utility type, number of piles, burial date, burial

depth (m), and the burial company, as shown in Fig. 5. Engi-

neers can query the manhole information through the web-

based MMS at any time and any place.

Management Module

In this study, we developed a web-based MMS based on the

GIS, as shown on the right side of Fig. 5. The manhole informa-

tion stored in the database is sent to the mobile phone and dis-

played in Google Maps as the visual interface in real time. The

web-based MMS supports browsing the manhole information

from the Internet or mobile network. It enables road and/or

pipeline authorities to monitor the conditions of manholes and

pipelines within their jurisdiction. The management module is

able to store and query the manhole information, and provide

statistics for analysis and decision making.

DISCUSSION OF SYSTEM FEATURES AND BENEFITS

• Manholes are spatially scattered and location of manholes
are random. Through the built-in GPS function in mobile
phones, engineers can use the mobile MMS for retrieving
the manhole information on-site at any time. Superim-
posing the neighboring manholes on Google Maps on
mobile screens, engineers are able to view the manhole
information related to utility type, number of piles, burial
date, burial depth (m), and the burial company. Engi-
neers can implement further pipeline work. This saves
considerable time and resources, increasing the efficiency
of pipeline work.

• By using AR technology, engineers can retrieve the man-
hole information at any time and any place and use it to
make the optimal decisions for pipeline work. Using real-
time information, the time lags between manhole identifi-
cation and pipeline work can be greatly reduced. If man-
holes are incorrectly identified, this is likely to result in
severe problems, including delays in pipeline work and
traffic congestion caused by pipeline excavations. This
would in turn increase the volume of complaints from
the public. In addition, road and/or pipeline authorities
can use the web-based MMS to monitor the conditions of
manholes and pipeline work, ensuring that auxiliary
facilities in the road system are well maintained. They
can also obtain the statistics on manholes and pipelines
in order to schedue road work.

TABLE 4 Effect of asphalt content and reading distance on the

tags at a depth of 30 cm.

The Number of Times Detected by RFID

Reading
Distance (cm) 10 20 30 40 50

OAC-1 % 26.3 24.8 21.8 20.9 20.8

OAC 29.0 29.0 28.4 28.2 27.7

OACþ1 % 27.4 22.4 20.2 19.3 18.7

TABLE 5 Effect of asphalt content and reading distance on the

tags at a depth of 40 cm.

The Number of Times Detected by RFID

Reading
Distance (cm) 10 20 30 40 50

OAC-1 % 23.6 22.5 21.3 19.8 19.2

OAC 28.3 27.4 27.1 26.8 26.4

OACþ1 % 23.8 19.5 18.4 17.0 15.5

TABLE 6 Effect of asphalt content and reading distance on the

tags at a depth of 50 cm.

The Number of Times Detected by RFID

Reading
Distance (cm) 10 20 30 40 50

OAC-1 % 22.3 20.7 19.8 18.2 17.9

OAC 27.7 26.5 26.0 24.4 24.0

OACþ1 % 20.0 18.5 17.1 15.6 14.2
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Conclusions

The effects of temperature, asphalt contents, burial depth, and

reading distance on the performance of RFID tags in detecting

manholes were evaluated. The dense-grade asphalt concrete

with different asphalt contents (OAC-1 %, OAC, and OACþ1
%) was paved on the tags and compacted to the same density.

On the basis of the results and discussions presented, we found

that (1) the temperature effect on the tags is limited; (2) at dif-

ferent reading distances and burial depths the performance of

tag identification is better at OAC than that at OAC-1 % and

OACþ1 %; (3) the effects of depth and reading distance on the

tags are slight at OAC; (4) with increasing depth, the average

number of times detected decreases at the same asphalt content

and reading distance; and (5) with increasing burial depth to

50 cm, the tags still can be detected, although the asphalt concrete

has barrier effect. This study developed an easy-to-use program

on RFID reader to identify RFID on-site. The RFID tags are

attached to manhole covers beneath pavements can be easily

monitored by the program. Field engineers can use the program

to identify on-site manholes through RFID tags buried on man-

holes beneath pavements.

In addition, this study developed an MMS using the Java

programming language, including a mobile MMS (an Android

app) on the mobile phone and a web-based MMS. Field engi-

neers can instantly retrieve detailed information on neighboring

manholes from the web-based MMS. The information on man-

holes can be shown on a mobile phone using AR technology. By

using RFID and AR technologies, the time and costs of manhole

identification and pavement maintenance activities can be sig-

nificantly decreased.
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ABSTRACT

The effectiveness of emergency medical services (EMS) depends on the existing

infrastructure and allocation of medical resources. The response time for ambulances is in

general considered a critical factor to the survival of EMS patients. EMS is a challenging task

due to the spatial distribution of the population and geographical layout in the urban area.

The spatial configuration of ambulance fleets and hospitals should be assessed to provide

an efficient service. Additionally, EMS plays a critical role in disaster situations. In this

research, the effect of disasters is considered as the disturbance to the EMS system. The

objective of this research is to assess the service area of EMS after a disaster. In this study,

the deviation of service area before and after the disaster on the transportation

infrastructure is evaluated. Multi-layer perceptron (MLP) was used to predict EMS demand in

usual conditions, and a loss estimation tool is used to model the disaster triggered demand.

Given the usual and disaster triggered EMS demand, location of ad hoc EMS facilities were

determined using cluster analysis, and the reachability of the facilities to individual demand

points were evaluated using service area analysis. The proposed approach serves as an

assessment methodology and also a planning tool for the preparedness of future disaster

occurrences.
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Introduction

Throughout an emergency medical action, spatial factors are

critical to the performance of emergency medical services

(EMS). For patients with serious conditions, the travel time

between the emergency medical unit (EMU) where ambulances

are located and the incident location is decisive of patients’

mortality. As a result, spatial factors of emergency medical

actions should be properly evaluated. On the other hand,

resource distribution is important but challenging in disaster

response [1]. The lack of access, standardization, coordination,

and communication of basic information, such as emergency

medical resources, compromise situational awareness, and deci-

sion making [2–7].

As the capacity of EMS right after a disaster in a region will

not increase much, if not decreased, its performance is critical

to the medical support in disaster response and to regular emer-

gency medical demand [8,9]. As a result, this research aims to

assess and provide an approach for the mission planning for

post-disaster pre-hospital EMS services.

CURRENT LITERATURE

Civil infrastructure systems provide critical services to urban

areas, and there is the interdependency of facilities in the sys-

tems during normal and emergency situations [10]. The effi-

ciency of how physical infrastructures function determines the

performance of critical services. Transportation networks are

one of such physical infrastructures that provide critical services

to facilities such as EMS in the urban area.

Pre-hospital EMS includes on-site medical treatment and

transport of patients in emergency conditions [11], and EMS

secures the lives of patients in such situations. For patients with

severe conditions such as Out of Hospital Cardiac Arrest

(OHCA) cases, the efficiency of pre-hospital EMS is critical to

the patients’ survival.

Limited resources must be efficiently distributed to facilitate

lifesaving operations [2]. The supply of resources such as ambu-

lances is usually not able to promptly fulfill the demand in

large-scale disasters. Having investigated the relationship

among critical resources, the authors in Refs. [12, 13] revealed

that additional damages and causalities could be reduced with

better resource preparedness to disaster incidents. As a result,

efficient distribution of resources is critical in maximizing the

effectiveness of disaster response efforts, such as Urban Search

and Rescue (US&R).

Throughout an emergency pre-hospital medical action,

which operates on the transportation infrastructure, spatial fac-

tors play important roles in its success [14]. For patients with

severe conditions, the travel time between headquarters of

ambulances and incident locations, and the travel time between

incident locations and hospitals are both decisive of mortality.

As a result, the transportation infrastructure should be taken

into consideration for the assessment of EMS performance.

EMS is a specialized and unique type of intelligent

transportation system for saving of human lives in normal

and emergency situations [15–17]. The dispatch policies and

planning of ambulances’ travel routes on the transportation

network have been proposed and shown to have an impact

on the performance of EMS deployment [18,19]. As EMS is

part of the system of systems in urban areas, assessment of

its performance is nontrivial. There are various approaches

to assess the performance that could improve future opera-

tions. The National Highway Traffic Safety Administration

(NHTSA) [20] suggested 35 consensus-based measures that

reflect EMS performance, including quality management,

funding, and response operations. Although the performance

of EMS has been previously evaluated in terms of patient

survival rates of different response time thresholds [21], the

placements of EMS facilities and the traveling of ambulances

on the transportation network were not thoroughly

evaluated.

A Geographic Information System (GIS) has the potential

to assist the identification of less accessible areas and the plan-

ning of changes of facility relocations, for assessment of ambu-

lance response performance [22]. By adopting an appropriate

ambulance dispatch policy with GIS, the response time can be

reduced [19]. Yin and Mu [23] applied a modular capacitated

maximal covering location problem with GIS and optimization

tools to allocate ambulances for EMS, and Bailey et al. [24] pro-

vided several candidate scenarios to improve the emergency

referral system and used GIS to make the assessment and priori-

tization of facility upgrade. There are also risk assessment appli-

cations, which provide information of the initial response

operations such as the Federal Emergency Management

Agency’s Methodology for Estimating Potential Losses from

Disasters (HAZUS) [25] and the Taiwan Earthquake Loss Esti-

mation System (TELES) [26]. However, these applications were

not used for the location assessment and guidance of EMS

deployment in disaster preparedness and response with demand

estimation.

Service area is a network-based analysis to investigate

regions where certain facilities provide service [27]. Service

areas are usually mutually exclusive, as demands generally are

allocated to a closest facility. With road network data, the serv-

ice area of the facility can be determined. Rather than a circular

area with the same radius, the service area takes into account

the configuration of the transportation network and its traveling

cost from the facility to the boundary. In the assessment of

EMS, the service areas of EMUs reveal the regions where the

ambulances can reach in a certain time or distance limit. Such a

limit should be set to represent the golden period in which

timely treatment can be provided to increase the survival rate of

patients with severe conditions. Through the service area
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analysis, black regions that are less accessible by ambulances in

the region of interest can be discovered [9].

Facilities’ locations are critical to the performance of pre-

hospital EMS. Emergency response systems are similar to

demand responsive transit systems [28]. Adequacy of facility

locations could also be assessed with cluster analysis. There

have been applications in management of critical civil infra-

structure systems using clustering which includes pipeline

breakage indicator identification [29], optimal roadway configu-

ration of vehicle detectors [30], and railroad track maintenance

[31]. Clustering has also been applied to transportation analysis,

such as for vehicle routing which helped to reduce the travel

time of handicapped transportation [32] and site selection of

urban transportation hubs [33]. The k-means method is one of

the often used algorithms for clustering applications such as

planning of highway transportation hub [34]. The disadvantage

of using k-means is the determination of the number of clusters.

In the literature of EMS, physical locations of facilities have not

been assessed with clustering based on empirical demand to-

gether with the transportation network.

In summary, the efficiency of pre-hospital EMS is critical to

the patients’ survival. Efficient distribution of resources is criti-

cal in maximizing the effectiveness of disaster response efforts,

such as US&R and medical treatment. When assessing the EMS

performance, the transportation infrastructure should be taken

into consideration. The placements of EMS facilities and the

traveling of ambulances on the transportation network should

be evaluated for a more efficient disaster response. Disaster risk

assessment applications could be adapted for the guidance of

EMS deployment in disaster preparedness and response, and

the ad hoc locations for on-scene EMS could be determined

using cluster analysis based on empirical and disaster triggered

demand.

OBJECTIVE

The focus of this paper is to establish an approach for deploy-

ment of EMS and the assessment considering the impact of dis-

asters such as earthquake and typhoon. The assessment should

also serve as a planning tool for emergency response involving

casualties.

Methodology

To achieve the objective of assessing the performance of EMS in

disaster situations, we propose the following steps for the analy-

sis. First, data from disaster simulation tools are to be acquired.

The data is used to update existing transportation network data.

The service area of EMS facilities could be derived based on the

updated transportation network, and past EMS demand is used

to calculate the coverage by the service area. Second, the num-

ber of EMS demand is to be estimated by considering two parts:

demand in usual conditions and demand triggered by a disaster.

The usual demand is estimated by using multi-layer perceptron

(MLP) taking consideration of historical data, and the disaster

triggered demand is determined based on a loss estimation tool.

The two types of demands are summed together to represent a

worst case scenario. Cluster analysis is performed to find poten-

tial locations for ad hoc EMS facility locations in the disaster

affected zone, and a service area analysis for the ad hoc EMS

facilities are carried out. The performance of the ad hoc loca-

tions of EMS is assessed based on the incident coverage

(summed estimated demand) of the service area. The following

paragraphs introduce Cluster Analysis and MLP in more detail.

CLUSTER ANALYSIS

To investigate how incidents are distributed and whether the

locations of the ad hoc facilities of EMS are adequate, cluster

analysis is conducted. We select the k-means method for the

analysis. The incident occurrences are partitioned into k num-

ber of clusters. Centroids of clusters are further used as ad hoc

facilities of EMS. The following is the objective function of the

k-means method and the algorithm derivation [35,36]:

obj ¼ min
Xk
j¼1

Xn
i¼1

rij � dist cj; xi
� �2

(1)

where distðcj; xiÞ is a distance measure between a data point xi
and cluster centroid cj. The rij have the following definition:

rij ¼
1 if j ¼¼ k
0 otherwise

�

where

k ¼ argminj distðcj; xiÞ(2)

Taking the derivative of obj with respect to cj, and choosing

distðcj; xiÞ to be cj � x2i
�� ��, the following is derived:

2
Xn
i¼1

rij � cj � xi
� �

¼ 0(3)

Thus cj can be calculated with the following equation:

cj ¼

X
i

rij � xi
X
i

rij
(4)

MULTI-LAYER PERCEPTRON

Research on prediction for time series data are abundant in the

literature of demand forecast. However, MLP has been pro-

posed and shown to be effective in comparison with methods

used in practice [37]. The following is a summary of the formu-

lation and approach of MLPs [35].

For classification and regression problems, Eq 4 provides a

general form using linear combination of M fixed nonlinear

basis functions /jðxÞ with weights wj, and f ð�Þ a nonlinear
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activation function. Given data x and the weights w, yðx;wÞ
provides the predictive response:

yðx;wÞ ¼ f
XM
j¼1

wj/jðxÞ
 !

(5)

The MLP model can be described as a sequence of functional

mappings. Equation 6 describes the basic unit of MLP, which

produces intermediate values that are M combinations of the

input data x with D dimensions. The index j ¼ 1;…M, and

the superscript ð1Þ indicates which layer the unit belongs to in

the MLP. For the bias term wð1Þj0 , the corresponding x0 ¼ 1.

aj ¼
XD
i¼0

wð1Þji xi(6)

The resulting intermediate values, aj, are then mapped into hid-

den units zj in the MLP using a nonlinear activation function

hð�Þ.

zj ¼ hðajÞ(7)

The process then recurses, and the hidden units are again used

to produce the K combinations of intermediate values with M

dimensions. The index k ¼ 1;…K .

ak ¼
XM
i¼0

wð2Þkj zj(8)

The resulting intermediate values, ak, are then mapped into

another layer of hidden units yk in the MLP using a nonlinear

activation function rð�Þ.

yk ¼ rðakÞ(9)

The recursion could continue to form MLP with more layers.

The following is the result of a 2-layer MLP based on the afore-

mentioned derivation.

ykðx;wÞ ¼ r
XM
j¼0

wð2Þkj h
XD
i¼0

wð1Þji xi

 ! !
(10)

For the case of regression problems, the activation function in

the last layer, here rð�Þ, is the identity. Common selections of

the activation function hð�Þ in a MLP are the logistic sigmoid

function and the tanh function.

MEASUREMENT OF PREDICTION ACCURACY

The accuracy of demand forecasts is usually evaluated by indi-

ces such as the mean average percentage error (MAPE) and the

root mean square error (RMSE) [38]. The following is the defi-

nition of MAPE:

MAPE ¼ 1
N

XN
i¼1

ti � xi
xi

����
����(11)

where:

N ¼ the total number of estimates,

xi¼ the actual value, and

ti¼ the estimated value.

The definition of RMSE is as follows:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

xi � tið Þ2
vuut

(12)

where:

N ¼ the total number of estimates,

xi¼ the actual value, and

ti¼ the estimated value.

CASE STUDY

The union of EMS facilities’ service area is expected to cover

most of the spatial extend in the region of interest. Service area

reveals the potential black regions where patients cannot be

served by an EMS facility in a desirable amount of time. It is

crucial for patients with severe conditions to be stabilized as

soon as possible. We performed an analysis to discover the

problem of EMS service area in New Taipei City for the assess-

ment [9]. Figure 1 shows that the union of 10 km service area of

the EMUs in New Taipei City is generally proper. Most of the

areas not covered by the 10 km service area are located in the

mountains and have a small population. Based on the prelimi-

nary results, the union service area of EMUs in normal condi-

tions is considered to be proper.

To further assess the current infrastructure service area, we

applied the same analysis to reveal the 3 and 6 km service area

of the EMUs. The cutoffs—3 and 6 km—were selected manually

to better visualize the service performance. This serves as a gen-

eral approach to investigate the service provided considering

the transportation network for pre-hospital care.

FIG. 1 Service of ambulances.
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Although service area reveals the spatial coverage of EMU

and hospitals, investigating the percentage of EMS incidents

covered by the service area provides a reasonable performance

measurement. Therefore, we imported past EMS demand into

the space and calculated the number of incidents covered by the

service area. The number of covered incidents is then divided

by the total number of incidents to form a coverage ratio. The

ratios of the incidents that are covered by the different service

areas are presented in Table 1. It is preferred that an EMU be

closer to patients with severe conditions. In Table 1, 93.8 % of

past incidents are covered by the service area of EMUs with the

3 km threshold. If better performance is preferred, adjustments

are to be made, such as adding more EMU units into the system

or to have ambulances dynamically allocated to places with high

probability of demand occurrence.

In the case of a disaster, the transportation infrastructure

will be affected. Based on the New Taipei City’s regional disaster

preparedness plan [39], the designed disaster scenarios could be

induced by earthquake or flood. The earthquake scenario is

considered due to coseismic deformation in a potential magni-

tude 7.6 event induced by reactivation of the Shanchiao fault

located across the northwestern edge of the city [40]. On the

other hand, the flood scenario is considered by inundation map-

ping under 500-year return-period flood with 436mm daily

precipitation.

We proposed to adopt TELES as the risk modeling tool for

earthquake scenarios and use inundation hazard maps produced

by the Water Resource Agency [41] as inputs for typhoon scenar-

ios to model the effect of disasters. The scenario had been used as

a disaster drill in the city in 2008, and based on the scenario,

TELES provides the damage estimation on buildings and bridges.

By using the information from TELES, the transportation

network is updated to represent the damage. Figure 2 shows the

changed service area of the EMUs and hospitals in New Taipei

City after the earthquake. The service areas of EMUs and hospi-

tals were reduced obviously due to the earthquake, and the

reduction of service area coverage is 14.71 and 10.64 %,

respectively.

Figure 3 shows the service area change of the EMUs and

hospitals in New Taipei City after the 500-year return-period

flood. The reduction in service area is 14.25 and 13.47 %,

respectively, for the EMUs and hospitals.

In addition to the reduction of coverage area, the coverage

of actual EMS demand in normal conditions by the reduced

service areas is also investigated. The reduction of incident cov-

erage of EMUs and Hospitals, respectively, are 0.83 and 3.87 %

for the case of earthquake simulation and 14.03 and 15.81 % for

the case for flooding.

In Fig. 4, individual service areas for a hospital (Fig. 4(a))

and a EMU (Fig. 4 (b)) are presented. The wider service area (in

orange) is the range before the earthquake, and the narrower

range (in gold) is after the earthquake. For hospitals and EMUs

that reside near bridges, their service areas are greatly affected

by the earthquake. However, this did not severely compromise

the incident coverage rate of the union service area, as rivers are

geographical borders that usually separate government jurisdic-

tions in Taiwan. The spatial service areas produced from the

analysis overlaps with adjacent entities, such as hospitals or

EMUs. In other words, although the service area coverage of

certain hospitals and EMUs are reduced, demand in the zone of

responsibility is still reachable and can still be serviced.

TABLE 1 EMS service area coverage.

Service Area (km) Coverage Ratio (%)

3 93.80

6 97.81

10 99.14

FIG. 2 Service area of ambulance units (left) and hospitals (right) after the earthquake.
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To evaluate the performance of the EMS, using post-

disaster EMS demand is expected to better measure the EMS

capacity and plan for emergency response in disasters. From

TELES, the injured civilians triggered by the disaster are esti-

mated and shown in Fig. 5(a). To perform cluster analysis for

seeking of ad hoc EMS facility locations on the disaster site,

demand incidents are required to be in point data format. As

the original estimate of the disaster triggered demand is cur-

rently in a lump sum value in districts, we assumed that the

demand is uniformly distributed in the district. In each district,

we generate the locations for the demand randomly while mak-

ing sure that the sum of the generated points is the same as the

lump sum triggered demand in each district. The generated

demands are shown in Fig. 5(b). We expect that in the future,

TELES will be able to provide point data as the input to the pro-

posed approach. As a result, in the current stage of research, the

random effect of the disaggregation step in this work is not

repeatedly executed for an average performance. Instead, the

following results are a proof of concept with the assumption

that there will be disaggregated data input from TELES.

We have collected all incidents of EMS demand for the

years 2010, 2011, and 2012 that occurred in New Taipei City.

Given the data of EMS demand in normal conditions, we

attempted to estimate demand in future time steps using MLP.

The demand data is first aggregated spatially into grids as

shown in Fig. 6(a). The three years of data are temporally aggre-

gated into daily EMS demand for each grid to form 275 regres-

sion problems, each with time series data of 1096 temporal

points. The resulting forecast for the EMS demand in usual con-

ditions is as shown in Fig. 6(b).

In Fig. 7, MAPE and RMSE are shown for the EMS demand

forecast on the date same as the TELES earthquake scenario.

FIG. 3 Service area of ambulance units (left) and hospitals (right) after the flooding.

FIG. 4 (a) Service area of a single hospital (b) service area of a single EMU.
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Figure 7(a) depicts the MAPE and Fig. 7(b) shows the RMSE for

the demand forecast during usual conditions in the region of

interest.

The MAPE value is considered with high accuracy if it has

value smaller than 10 %. The estimation is considered good if

the value is between 10 and 20 %, while it is acceptable for a

value between 20 and 50 %. Table 2 shows those areas in the

grids (Fig. 6(a)) with greater demand amount. It can be seen

that predictions of EMS demand at these areas have encourag-

ing results; this confirms the suitability of using MLP as the

forecasting model [37].

Table 3 reveals statistics on the MLP prediction for the 275

grids. The mean RMSE is 0.43 with standard deviation (STD)

1.26, and the maximum value is 11 and the minimum value is

0. The MAPE values suffer from the error definition when the

actual value is 0, resulting to an infinity value. There are a total

of 262 grids with non-infinity MAPE value. Among those, the

mean MAPE is 11.14 with STD of 32.01. The maximum MAPE

value is 200 and with a minimum value of 0. By setting the

MAPE of those grids with infinity value to the maximum

MAPE value of 200, the mean and STD of the MAPE becomes

20.07 and 51.30, respectively. To visually illustrate the relation-

ship between the forecast result and the actual demand, Fig. 8 is

presented with actual demand on the horizontal axis and pre-

dicted values on the vertical axis.

By combining the EMS demand forecast in usual condi-

tions using MLP and the estimated induced demand from

TELES, a worst-case scenario of EMS demand could be mod-

eled, and the EMS system could be assessed. Figure 9(a) shows

the combined EMS demand. With this combined demand, the

post-disaster incident coverage of EMUs and hospitals could be

assessed. Based on this demand, cluster analysis is conducted to

FIG. 5 (a) TELES output of injured civilians, (b) disaster triggered demand.

FIG. 6 (a) Spatial discretization using grids, (b) predicted usual demand.
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seek for suitable ad hoc facilities of EMS. Figure 9(b) depicts a

result for 8 facilities and their service area. In this study, the

service area is based on the road network including nearby

jurisdictions such that no detour is needed if passing by other

jurisdictions—such as the zone surrounded by New Taipei

City—and back to New Taipei City has a shorter travel distance

than strictly staying within the city.

As the number of ad hoc EMS facilities cannot be trivially

determined, sensitivity analysis is performed for seven facilities

to twelve facilities. Table 4 shows the resulting coverage ratio of

those facilities with an 8 km service area. As the clustering con-

sidered the Euclidian distance, while the coverage was deter-

mined with the path distance, the coverage for 11 facilities was

slightly greater than that of 12 facilities.

Discussion and Future Directions

By investigating the disturbance of service area of EMUs and

hospitals during disasters, the capacity of pre-hospital EMS is

examined. This provides insight for decision makers to extend

the capacity of EMS and efficient planning of EMS operations.

Based on the best knowledge of the authors, this work is the first

that attempts to combine normal EMS demand and disaster

induced demand to plan for and assess a region’s emergency

medical disaster response.

The reduction of service area has been shown based on the

two types and scenarios of disasters: earthquake and flooding.

FIG. 7 (a) MAPE of demand forecast, (b) RMSE of demand forecast.

TABLE 2 NLP prediction results.

Grid ID Actual Prediction MAPE (%) RMSE

Number 123 11 12 9.09 1

Number 124 15 17 13.33 2

Number 125 12 13 8.33 1

Number 126 19 19 0.00 0

Number 127 8 4 50.00 4

Number 144 18 11 38.89 7

Number 145 15 17 13.33 2

Number 146 40 31 22.50 9

Number 147 19 20 5.26 1

Number 148 3 2 33.33 1

TABLE 3 Statistics of prediction RMSE and MAPE.

RMSE MAPEa MAPEb

Mean 0.43 11.14 20.07

STD 1.26 32.01 51.30

Max 11 200 200

Min 0 0 0

aStatistics excluding grids having infinity MAPE value.
bStatistics including grids having infinity MAPE value adjusted to max
value.

FIG. 8 Actual and predicted demand.
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The reduction in terms of the regional coverage area and the

incident coverage has been shown. The interdependency of

physical infrastructure on the EMS is critical. However, in the

case of earthquake, the reduction in terms of incident coverage

is not significant. A potential reason for this is that TELES mod-

els the collapse of buildings and bridges. In other words, the

damage of the transportation infrastructure is modeled simply

based on the damage of the bridges. The blockages of road sec-

tions and the reduction in terms of traffic volume capacity are

not fully taken into consideration. In addition, the responsibility

region for EMUs and hospitals are often divided by landscape.

Crossing a river or tunnel usually means the change of jurisdic-

tion. Therefore, the damages to the bridges do not have signifi-

cant impact on the incident coverage due to the geospatial

distribution of the EMUs and hospitals.

For earthquakes, modeling of road section damage and

blockage is critical and set as a future step of this study. In addi-

tion, post disaster traffic volume estimation modeling will assist

in the planning of disaster response. The proposed approach

could also serve as a planning tool for disaster response. Based

on the available EMUs and hospitals, the post-disaster jurisdic-

tion could be reassigned based on the demand. In addition, the

service areas of EMUs and hospitals could be superimposed to

show decision makers the areas where both services are

inefficient, and external resources could be allocated to those

areas with demand.

Different clustering methods could be adapted for further

studies to consider not only the path length as the distance mea-

sure, but also hierarchical relationships and its application to

the location planning of capacitated EMS on-site posts. For the

grids that have high RMSE and MAPE, there is the possibility

that a different learning model could better predict the demand.

Noise filtering could also be considered for better regression

performance.

Conclusion

We have proposed an approach to assess a region’s post-

disaster EMS service by investigating the interdependency of

the transportation infrastructure and the EMS system. The serv-

ice area analysis is adapted by incorporating post disaster dis-

turbances to the transportation infrastructure, such as effects

from flooding or damage to bridges after an earthquake. The

disturbances could be from historical precipitation or earth-

quake, or from simulation such as TELES. In addition, the

authors used the predicted casualties from TELES, together with

EMS demand prediction, to evaluate the post disaster service

area coverage of worst case incidents. The proposed approach

could also serve as a planning tool to guide early first response

deployment of the EMS on-site posts in the disaster prepared-

ness and response phases.
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