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Reliable and sustainable pavement infrastructure is critical
for present economic and environmental challenges. %e
complexity of pavement analysis and design stems from
diverse pavement materials, heavy traffic, and changing
climate. %e reliability of a pavement design depends on the
extent of representation of this complexity in the prediction
of various forms of distress that limit the effective service life
of the pavement. %e pavement materials need to be treated
as they actually are, and the analysis should take into account
the actual coupled behaviors of materials, structures, traffic,
and environmental conditions.

From a physical point of view, prediction of pavement
performance is a multiphysics problem. Questions still re-
main about appropriate representation and characterization
of each physical process and integration of multiple physical
processes to predict pavement material deterioration and
structural distresses as an analysis and design platform.

%us, this special issue provides a collection of pre-
sentation and discussion of applications of multiphysical
concepts and approaches to characterize pavement materials
and predict pavement responses as well as performance. It
includes a variety of pavement materials such as asphalt,
concrete, soils, and recycled materials.

A. H. Albayati et al. discussed the application of the
recycled concrete aggregate in warm mix asphalt and how to
improve the moisture susceptibility of the mixture. %e re-
placement of the original aggregates with the recycled concrete
aggregate had shown a significant improvement in moisture
susceptibility. A paper by K. Hossain and Z. Hossain provides
a synthesis of computational and experimental approaches to

characterize chemical, physical, and mechanical properties for
asphalt binders. A paper by D. Wang et al. presents an al-
gorithm to construct virtual asphalt mixtures using the dis-
crete element method and predicts the mechanical responses
of the mixture. Y. Sun et al. conducted laboratory in-
vestigations of relaxation damage properties of high-viscosity
asphalt sand and used the modified generalized Maxwell
model to simulate coupled viscoelasticity and damage. %e
results showed that the proposed approach could effectively
predict the relaxation damage process and provide a theo-
retical support for crack control of asphalt pavements. A
review paper by X. Qu et al. presents a comprehensive view of
the development, establishment, and application of molecular
dynamics to simulate the behaviors of asphalt materials.

A paper by J. Zhang et al. presents a method to measure
and predict the degree of compaction of fine-grained sub-
grade using a light dynamic penetrometer. A prediction
equation was developed that contained the penetration ratio
and the numerically calculated water content of subgrade. J.
Zhang et al. developed a method to estimate the soil water
characteristic curve of cohesive soils using a simple test with
methylene blue. A paper by F. Zhou et al. presents an equal-
strain model for the radial consolidation of unsaturated soils
by vertical drains. %e solutions were verified, and para-
metric studies regarding the drain resistance effect were
graphically presented. T. Tang et al. investigated the thermal
cooling effects of reflective-resistant-ventilated coupling
structure in permafrost zones. It was recommended that
such a structure could be used as a protective measure to
improve the thermal stability of wide embankment.
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Q. Tang et al. investigated the possibility of using bottom
ash from the incineration of municipal solid waste as partial
aggregate alternative. %e laboratory test results indicated
that bottom ash is suitable to be used as road base materials.
X. Wang et al. studied the mechanisms of premature de-
terioration of concrete at joints in cold weather regions
and carried out experimental work to verify the hypothesis.
It was found that interfacial transition zone could be the
weak point for cracking. Y. Zhou et al. applied the bipo-
tential theory to the Drucker–Prager model and proposed
dual constitutive cones with five forms of the bipotential
function. %e accuracy and stability of the developed al-
gorithm was verified for civil engineering applications.

F. Han et al. studied the dynamic amplification factor
due to surface roughness of bridge deck pavements. %e
roughness of the bridge deck pavement and the vehicle speed
are two main factors that affect the dynamic amplification
factor, which is closely related to driving comfortableness
and service life of deck pavement. A paper by Z. Ye et al.
presents a numerical model to analyze pavement vibration
due to the dynamic load of passing vehicles. %e vibration
signals reflected the level of road roughness, the stiffness of
the pavement materials, and the integrity of pavement
structure, which could provide recommendations for early
warning and timely maintenance of pavements.
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Asphalt binder is a very complex chemical compound. Much work has been done to understand and model its chemical, mor-
phological, rheological, and mechanical features. -is paper synthesizes and presents findings from pertinent studies available in the
public domain. Understanding of asphalt characteristics at the very finite level is the first critical step to develop a better macroscopic-
or pavement-level performancemodel.-is paper showcases a summary of current knowledge gained on (a) how chemical elemental
compositions and molecular groups play critical roles in asphalt binder’s performance in pavement composites; (b) morphological
properties and their relationships with the asphalt’s structural performance; and (c) mechanistic characteristics of asphalt binder’s at
nanoscopic, mesoscopic, and microscopic levels, and how they are related to macroscopic- or pavement-level performance.

1. Introduction

About 96% of paved roads in the U.S. aremade of asphalt [1].
Most of these roads were built during and immediately after
the SecondWorld War.-ey demand major rehabilitation or
reconstruction services. -e most expensive element in as-
phalt pavement is the asphalt binder. Government agencies
not only in the U.S. but also around the world spend sig-
nificant resources to develop a total design package that can
result in a longer lasting pavement and be economic to build
and maintain. In the recent decades, a common practice that
many agencies adopted to reduce expenditure is recycling of
existing old pavements by reducing the amount of new as-
phalt binder. Asphalt researchers have expressed their con-
cerns to this strategy because the use of high-grade asphalt
binder from existing asphalt pavements can have detrimental
effects on the longevity of the new pavement. Valid reasons
for this concern are the blending and performance issues of
the aged binder, which comes from old or aged pavements.

Asphalt is also a very complex nonlinear chemical
material [2]. It is complex because of its highly variable

chemical constituents that change with source, process of
extraction, temperature, ambient environment, and elapsed
time. To better understand asphalt binder’s behavior, a
significant number of chemistry-based researches have been
conducted in Europe and North America. In the late 1980s
and early 1990s, Jennings et al. [3, 4] initiated chemical
studies of asphalt binders and proposed average molecular
structures for them. -e ultimate goal of these research
studies is to develop multiscale pavement models. -e de-
veloped models should link and communicate the perfor-
mance of the constituent materials among different scales
(nano-, micro-, meso-, and macroscale/pavement). Pave-
ment model features such as stiffness, rutting, and cracking
performance should be found on the enhanced un-
derstanding from the finite level possible for each constit-
uent and for all phases [5]. With the advent of new
technologies, capturing of rich information of materials at
micro- or nanoscale levels has become easy in the recent
time, and it has successfully been utilized in other natural
science and engineering disciplines. Asphalt researchers
have also recently advanced knowledge related to binder
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performance at much needed microscopic level, which is
more important than meso- or macroscale [6–8]. Based on
findings of the existing literature, it is clear that the behavior
of asphalt pavement materials depends highly on their
microstructure. For instance, cracks and voids at the mi-
crostructure level can eventually lead to failures of the
material under loads [9]. -us, understanding the de-
terioration process and improving the materials at the
microstructure level can help in constructing longer lasting
pavement. A better understanding of microstructure of
asphalt binders is also expected to help researchers to de-
velop better models for predicting pavement performance.

-e main goal of this study is to synthesize the un-
derstanding of asphalt binder at microscopic level. To ac-
complish the aforementioned goal, a thorough review of
pertinent literature has been conducted and presented in a
coherent format. -is paper is organized in multiple sec-
tions. As seen here, the current section provides an in-
troduction to the topic. -e second section presents a
summary of understanding of chemical constituents and
chemical models of asphalt binder. -e third section dis-
cusses the morphological models and how these models
correlate with chemical models. -e fourth section presents
the mechanistic models and their relationship with mac-
roscopic or pavement models. Finally, the concluding sec-
tion presents an overall development in the topic and gives a
future research direction.

2. Chemical Models of Asphalt

A very rich amount of information is available in the lit-
erature on the chemistry of asphalt. -e information in-
cludes the types and percentages of elemental constituents,
molecular groups and structures, and polarity and non-
polarity behaviors of the molecules. -ese chemical prop-
erties govern the performance of asphalt. One behavior of
asphalt that is very interesting to researchers and pavement
professionals is viscoelasticity; at high temperature, asphalt
is a viscous liquid, and at low temperature, it behaves like an
elastic solid and becomes fragile. Chemical properties of an
asphalt binder are also highly depended on the sources and
processes employed.

2.1. Functional Groups and Chemical Families. Many
chemistry-based techniques such as elemental analysis,
Fourier transform infrared (FTIR) spectroscopy, gel per-
meation chromatography (GPC), thin layer chromatogra-
phy (TLC), and high-performance liquid chromatography
(HPLC) are commonly used in chemical characterizations of
asphalt binders. For instance, as part of a comprehensive
study of multiscale modeling, Stangl et al. [5] performed
elemental analysis of an asphalt sample following the ASTM
D5291-02 method, and some of the results are presented in
Table 1. As indicated earlier, the chemical compositions of
asphalt vary with the source of asphalt, processes adopted to
manufacture it, analytic techniques utilized in elemental
analysis, and chemical solvents and adsorbents used to
obtain the compositional information. However, the

variability among dominating elements such as carbon,
hydrogen, and oxygen is less observed than that of foreign
elements such as vanadium, nitrogen, and sulphur, as
presented in Table 1. At a molecular level, researchers have
proposed various structural models of asphalt. Such a
structure for the strategic highway research program’s as-
phalt sample (AAD-1 also known as California Coastal
AAD-1) is presented in Figure 1, where a long chain of
hydrocarbon along with some other chemical elements such
as nitrogen and sulphur is modeled.

In the real world, asphalt binder interacts with a large
number of environmental and mechanical factors such as
oxygen, heat radiation, UV radiation, moisture, and traffic
factor.-ese factors often act in a conjoint environment that
affects the asphalt at the compositional, molecular, and
macro levels.-e consequential performance due to changes
in chemical compositions and molecular structures should
be taken in consideration when using the binder in a new
pavement construction.

2.1.1. Molecular Groups of Asphalt. At molecular level, as-
phalt can be considered a complex organic compound
consisting of groups of different molecules. Based on the size
and polarity, they can be grouped as saturate, aromatic, resin,
and asphaltene (often called SARA). Together they form a
colloidal system—where asphaltene is a relatively stiffer and
disperse domain, and later, three form a liquid substance that
holds the asphaltene. -e later three compositions are also
called maltene. -ere have been many methods employed to
better understand the characteristics of these fractionates and
to quantify their share in asphalt. A rapid and inexpensive
characterizationmethod is thin-layer chromatography (TLC).
-is technique separates asphalt fractionates by some organic
solvents. For example, asphaltene is precipitable by n-heptane
where maltene dissolves, saturate by cyclohexane, aromatic by
dichloromethane, and finally, resin by methanol or iso-
propanol [11, 12]. In this test process, a mobility parameter
(Rf ) for the fractionate is determined using a model, as shown
in equation (1). Table 2 presents the approximate Rf value for
four fractionates. However, Rf from one lab testing may not
match with that of another since this parameter is also de-
pendent on the sample size (thickness and diameter), solvent
type, and so on, which are used in the characterization
process. To obtain the SARA information, another method
the so-called Iatroscan method that combines thin-layer
chromatography and flame ionization is also employed
frequently.

Rf �
Ds

Dm
, (1)

where Rf �mobility paramter of the asphalt fraction,
Ds � distance moved from point of application by solute, and
Dm � distance moved from point of application by mobile
size.

Technology has also made possible to physically visu-
alize these fractionates. When a maltene fractionate is ir-
radiated by an UV ray with an appropriate weblength,
a chromatograph of maltene can be obtained, as shown in
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Figure 2(a). Physically, saturate (S) has yellowish color, and
the color of aromatics (A) ranges from light yellow to light
reddish based on polarity of the molecules, and finally resin
(R) appeared as dark black color [14]. Figure 2(b) shows the
Yen–Mullins model of asphaltene (AS). -is model specifies
that asphaltene can be present in bituminous materials as an
isolated molecule or as a colony of six to eight molecules or
clusters of about eight molecules. Figure 3 displays how a
vital engineering property (in this case, viscosity) varies with
SARA fractionates of an asphalt sample collected from
California Valley. In a related study, Hofko [16] reported
that among SARA fractionates, the asphaltene fractionate
significantly influences the viscoelastic behavior of asphalt.
-erefore, understanding of these fractionates in regard to
chemical formation, behavioral characteristics, and, more
importantly, engineering properties such as stiffness, creep,
and viscoelasticity are critical and can be utilized to develop
a model at microscale and thereafter to the full pavement
model.

3. Morphological Models of Asphalt

3.1. Overview. Morphological studies deal with un-
derstanding of structural form of a matter, and they attempt
to link the formation of the matter to its structural per-
formance. To have a better understanding of morphology of
a matter at microscale, a superior technology is needed.With
the advent of new micro- and nanoscopic technologies,
pavement researchers around the world added a rich
amount of information on the body of knowledge in last two
decades. Technologies used by researchers included, but not
limited to, scanning electron microscope (SEM), florescence
microscope, atomic force microscope (AFM), transmission
electron microscope (TEM), and environmental scanning
electron microscope (ESEM) with various advance engi-
neering fixtures at different capacities. As previously men-
tioned, researchers now have been trying to connect this
morphological information of asphalt binder to better
predict the pavement performance over its design life.

In recent years, researchers predominately used AFM
and SEM techniques. -e AFM has some advantages and
disadvantages over the SEM and vice versa. -e AFM can
provide three-dimensional morphological images of a
binder sample, whereas the SEM provides two-dimensional
images. -e AFM sample preparation does not require a
sputtering sample coating, which is required in SEM

H3C

H3C

H3C CH3

CH3

CH3

N
H

5

S

S

Figure 1: Average structure of California Coastal (aad-1) asphalt molecules. -e figure is obtained from Lesueur [10] (under the creative
commons attribution license/public domain).

Table 2: Rf value for asphalt fractions.

Asphalt fractions Rf value
Asphaltene 0.20–0.21
Resin 0.45–0.47
Saturate 0.90–0.92
Aromatic (mono, di, or poly) 0.68–0.83

Table 1: Asphalt chemical constituents and their share. -e table is reproduced from Stangl et al. [5] (under the creative commons
attribution license/public domain).

Asphalt state
Chemical constituents (mass %)

Carbon Hydrogen Oxygen Nitrogen Sulphur Total
Neat asphalt (British specification B50/70) 83.90 10.40 <0.1 0.40 5.00 99.70
After RTFO 83.80 10.40 <0.1 0.40 5.00 99.60
After RTFO + PAV 83.70 10.50 <0.1 0.50 4.90 99.60
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analyses. A comparative advantage of the SEM is that it can
image a large area (on the order of square millimeters),
whereas the AFM can only image a maximum scanning
area of about 150 ×150micrometers. Furthermore, the scan
rate of an AFM is relatively lower than that of an SEM.
Figure 4 shows microscopic views of an asphalt sample
under fluorescence [17] and atomic force microscopes. A
pioneer study on asphalt morphology is conducted by
Loeber et al. [18]. From inspecting these microscopic

images, one can easily see that there is a circular kind of
particles in a matrix system. -e particles are of different
sizes and are randomly placed within a couple of mi-
crometers. Interestingly, these particles are available in
both images obtained from two different microscopes that
completely utilize different techniques; however, they still
presented similar results in terms of sizes for the particles,
orientation, and matrix design. For brevity, the current
study is not focusing the techniques behind the different
microscopes. Many studies also investigated the pattern,
thickness, resistance force, deformation, stiffness, and
other engineering properties of this circular domain in
asphalt material, and that will be discussed in the following
sections.

3.2. Analysis of Morphological Phases of Asphalt. It is gen-
erally believed that asphalt has three morphological phases
(also called microdomains): a disperse phase, a relatively
larger phase than disperse phase surrounding to the disperse
phase, and finally a continuous phase. A better understanding
of the engineering properties of thesemorphological phases of
asphalt is expected to help scientists to develop better models
for predicting pavement performance [19–22]. In a recent
study, Pauli et al. [20] reported how the morphological phases
affect microstructure of asphalt and how some external
variables inherited to microstructure influence the mor-
phology. Figure 5 shows images obtained through an AFM,
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Figure 3: Changes in viscosity for different asphalt fractions under
differentmolecular weights.-e left figure is obtained fromGriffin et al.
(under the creative commons attribution license/public domain) [15].
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Figure 2: (a) Maltene (S � saturate, A � aromatic, R � resin), and (b) asphaltene (AS).-e figure is reproduced fromMullins et al. (under the
creative commons attribution license/public domain) [13].
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and it displays changes in morphological phases as a func-
tion of asphalt film thickness [23]. It can be seen that the
disperse domain significantly varies as the sample thickness
changes; the thinner the sample is, the lesser the presence of

disperse domain is. However, some studies also concluded
otherwise that the microstructure is independent of asphalt
film thickness. -erefore, further research is needed to clarify
this issue.

(a)

16.4nm

–14.1nmHeight sensor 2.0μm

(b)

Figure 4: Asphalt sample view obtained from a fluorescence microscope on the left and an atomic force microscope on the right. -e left
figure is obtained from Kraus [17] (under the creative commons attribution license/public domain).
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Figure 5: Images of asphalt morphology (AAK-1 sample, size 20 μm × 20 μm) of film thickness of 1600 nm (a), 1000 nm (b), and 600 nm (c).
-e figure is obtained from Pauli [23] (under the creative commons attribution license/public domain).

Advances in Civil Engineering 5



-e disperse phase in the asphalt microstructure is
considered as a “bee”-like structure with ridges and valleys
within this phase. A bird’s eye view of an AFM specimen of
15 µm × 15 µm can be seen in Figure 6(a), and details of this
bee structure are presented in Figure 6(b), where the depth
and spacing of valleys and ridge scan can be observed.

Some studies [25] named these three phases differently.
-e central part (disperse) within each highlighted area is
also called the catana phase (so-called, bee), immediately
around the catana phase is called the interstitial/periphase,
and both of these phases are suspended from another
phase called the perpetua phase or matrix (Figure 7). It has
been reported that periphase and perpetua phase change
with temperature; as the temperature increases, these
phases interconvert from one to another, which has been
observed in differential scanning calorimetry study by
Soenen [26].

A few studies initially assumed a link on the re-
lationship between the catana phase and asphaltene [18].
However, later other studies found this relationship is not
statistically significant, while there is a highly plausible
evidence that the catana phase is highly related to the
presence of metal elements (e.g., nickel and iron) in the
asphalt [24].

Menapace et al. [27] has investigated on the growth and
height of the catana phase, and the study found that both
are affected by the testing temperature in an AFM in-
vestigation. Table 3 presents that in general, the average
diameter of bee structure increased as temperature in-
creased for selected types of asphalt tested, and the same
trend can be noticed for the area covered by the bee
structure phase for one asphalt grade (PG 76-22), whereas a
mix result was observed for another asphalt grade (Pen 60/
70). -e increased size of “bee structure” could be due to
the disintegration of bees due to increased temperatures.
Allen et al. reported that the dispersed phase (i.e., bee)
increased as saturate fractionate in the asphalt increased
[28]. -e dispersed phase can completely change when a
virgin asphalt is mixed with aged asphalt binder from either
recycled asphalt pavement or roof shingles; microparticles
found in the interfacial zone ranged from 160 nm to
2.07 µm by recent multiple studies [29, 30], as presented in
Figure 8 [31].

All these research results suggest that asphalt binder has
complex phases, which are influenced by many experimental
and environmental factors. However, if we can obtain
generalized information on these phases and if they are
based on good amount of data, a link can ultimately be
developed between microcharacteristic and macrolevel
pavement performance.

Soenen et al. [25] reported that morphologies of the as-
phalt sample are highly influenced by the temperature
employed to prepare the sample, the elapsed time in that
temperature after isothermal condition reached, and other
experimental factors. Surface morphologies changed in terms
of network structural forms and sizes between the samples
when tested at an isothermal condition for different tem-
peratures (Figure 9). Perhaps, this is why, asphalt binder’s
rheological performance changes due to thermal aging.

3.3. Effect of Aging, Additives, and Rejuvenators on Asphalt
Morphology. When asphalt is utilized in real-world appli-
cations (e.g., pavement), it experiences a very complex
environment throughout its life. Some major chemical
compounds or environmental factors that asphalt interacts
with are atmospheric oxygen, dissolved oxygen, UV radi-
ation, and other hundreds of known and unknown solid,
liquid, and gaseous compounds. As a consequence of the
interactions between asphalt and surrounding chemical
compounds, asphalt loses its some vital rheological prop-
erties over time, which is termed as aging of asphalt. Many
researches have been conducted to mimic the aging pro-
cesses in laboratories, to model field aging and finally to
deter aging by using additives such as polymers and re-
juvenators. Two aging processes for asphalt binder are
commonly employed in laboratory testing: one is the rolling
thin-film oven test (RTFOT) process to simulate preservice
aging and other is the pressurized aging vessel (PAV)
process that simulates in-service aging.

Figure 10 shows that the catana phase is very dominant
in an aged sample than that of an unaged sample, indicating
significant differences in the phase angle (i.e., higher changes
in elevation) between disperse domain (catana) and con-
tinuous matrix (peri and perpetua). Moreover, the per-
centage of area covered by disperse domain reduces
significantly with the PAV process compared to the RTFOT
aging. To better understand the engineering properties of
these phases for “before” and “after” aging conditions, Allen
et al. [32] conducted a comprehensive research study on the
subject matter and developed an improved technique to
obtain microrheological property of the phases such as creep
information of asphalt fraction morphologies. -is study
reported that the creep was affected by the aging and can be
noticed in Figure 11. -e asphalt binder sample shown in
Figure 11 is a SHRP’s AAD sample. In this figure, Phases 1, 2,
and 3 refer to catana, peri, and perpetua phases, respectively.

In Brazil, Rebelo et al. [34] recently investigated on how
RTFOT and PAV processes affect the morphologies of as-
phalt using an atomic force microscope. -ese researchers
reported that there was no catana phase observed in the
sample after both aging processes. Interestingly, these re-
searchers did not see the catana phase before aging the
sample too. Figure 12 presents the topographic and phase
contrast images of asphalt sample with various recycled
binders (RAP) after different aging conditions. -e lateral
dimensions of the AFM-based images shown in Figure 12
are 10 µm × 10 µm. -e scale of the topography images is
20 nm. Absence of the catana phase in the unaged sample is
not new. For example, the study conducted by Qin et al. also
supports the observation of the Rebelo study [35]. In ad-
dition to thermal and oxidative effects on asphalt binder,
various forms of moisture precipitate from atmosphere also
damage asphalt pavement significantly. Dos Santos et al. [36]
reported that the catana and perpetua phases are signifi-
cantly affected by moisture that, in turn, affects the rheo-
logical and adhesive properties of asphalt binder.

In the recent years, to improve pavement performance,
the addition of different polymers or additives in asphalt
binders has become a common practice in the industry. In
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microstructure investigation, it was found the addition of
polymer basically changes the microstructure of the original
binder, and the improvement in modified binder in regard to
rheological or adhesive property is strongly associated with
changes in microstructure or new morphologies developed in
the modified binder [35, 37, 38]. Another study [25] also re-
ported that asphalt morphology is influenced by the UV aging.

-e main consequence of various aging is formation of
crack in asphalt. Researchers have been trying to use a re-
juvenator in a capsule (very fine shell) during pavement
construction. -e idea is when a microcrack initiates and
passes through randomly spread rejuvenator shells, the shell
breaks and liquid rejuvenators spread in the microcracks
[39]. Morphologies of asphalt with asphalt modifiers and
closer view of the cracks has been shown in Figure 13.
Depending on morphologies of the crack surfaces, appro-
priate rejuvenators can improve both adhesive and cohesive
bond properties of asphalt binders, and thereby crack
propagation is deterred. All of these studies strongly dem-
onstrate the strong association between the morphological
properties and microstructural performance of asphalt. -e
authors also believe that the understanding of this associ-
ation can be linked to macrolevel performance of the
pavement in the real world.

3.4. Network Structure of Asphalt Molecules. To better un-
derstand the architectural pattern, i.e., the design of network
of molecular compounds and how the network is associated
with asphalt binder’s fundamental properties (e.g., adhes-
sibility and stiffness), a few studies have been done. To
capture the network design of asphalt molecules, electron
micrograph drawn by utilizing scanning electron or envi-
ronmental scanning electron microscopes is common in the
literatures. Between these two systems, literatures have come
to a point that, to realize the goal of understating of surface
network morphology, the environmental scanning electron
microscope does a better job than that of scanning electron.
In the latter technique (i.e., scanning electron), an asphalt
sample is distorted by the evaporation of some hydrocarbon
molecules with the heat radiated from the electron beam
[41]. To avoid the evaporation of some molecules, thereby,
maintaining the integrity of the testing sample, a carbon
coating on the sample is done when a scanning electron
microscope is utilized in network structure study. However,
this takes meticulous sample preparation efforts and
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Figure 6: (a) A bird eye view of asphalt sample under AFM, and (b) a tentative topographic profile of bee structure. -e Figure 6(b) is
reproduced from the data reported by Masson et al. [24] (under the creative commons attribution license/public domain).
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Figure 7: A detail view of all morphological phases in asphalt.

Table 3: Effect of temperature on diameter and area coverage of bee
structure in asphalt. -e table is reproduced from Menapace [27]
(under the creative commons attribution license/public domain).

Treatment
temperature

Pen 60/70 PG 76-22
Average
diameter
(µm)

% area
covered

Average
diameter
(µm)

% area
covered

Room temperature 0.27 22 0.27 35
50°C 0.58 56 0.56 53
70°C 1.07 66 0.99 60
100°C 1.64 55 2.06 63
130°C 1.54 51 2.13 69
150°C 1.48 43 1.83 60
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(a) (b) (c)

Figure 8: (a) Micrographs of RAP asphalt binder, (b) RAP and virgin asphalt binder’s interfacial zone, and (c) virgin asphalt. -e figure is
obtained from Nahar [31] (under the creative commons attribution license/public domain).
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Figure 9: Microscopic images of asphalt morphologies under different temperatures. -e figure is obtained from Nahar [31] (under the
creative commons attribution license/public domain).
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(a) (b) (c)

Figure 10: (a) AFMmicrograph of asphalt showing catana, peri, and perpetua phases, (b) micrograph before aging, and (c) micrograph after
aging. -e figure is obtained from Allen [33] (under the creative commons attribution license/public domain).
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Figure 11: Effect of aging on asphalt phases. -e figure is obtained from Allen et al. [33] (under the creative commons attribution license/
public domain).
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Figure 12: Continued.

Advances in Civil Engineering 9



extended time to test [42]. Detail information on how these
microscopy works and advantages and disadvantages are
available in [43].

Figure 14 shows micrographs of asphalt binder’s mo-
lecular network captured by an environmental scanning
electron microscope [44]. A network entanglement that
consists of thousands of rope-like elements (also called
network strand or fibril) can be observed. -e average di-
ameter of this fibril is reported 10micrometers for an unaged
sample [45]. But, when an aged sample was tested, observed
fibrils were found to be a bit coarser than that of an unaged
sample. Rozeveld et al. [42] also investigated the network
structure of asphaltene fraction (phase with heavy molecular
weight) after fractionating by n-heptene and reported the
presence of a network of interconnected lentil-like particles
than a network of smooth fibrils. -is individual chemical
family (asphaltene fractions) had an average size of 0.2 to
0.3micrometer before aged, whereas after aged, the fractions
became significantly larger in size (0.8 to 1.2micrometer).
-e increase in size was attributed to the change in mo-
lecular structure by oxidation during aging. -e observation
made by Khattak et al. [46] supported the findings of
Rozeveld et al. [42], which reported a network of inter-
connected lentil particles (asphaltene particles). -e study
[45] also included time-dependency effect on network de-
sign in their experimental matrix. Interestingly, distinct
differences in the network structure were observed for

different level of interaction between asphaltene molecule
group and n-heptane, as can be seen in Figure 15 [47].

Figure 16 shows an ESEM image of asphalt sample tested
under irradiation loading [44]. When the asphalt sample is
loaded under tensile loading, the fibril network was found
well aligned [42]. -is observation suggests that when as-
phalt is loaded, the fibril network provides the resistance
force and that ultimately help contribute to prevent de-
formation, and, also possibly, the fibrils act as a stitching
between the microcracks and participate to reduce crack
propagation under the loading. Some studies also reported
that the network structures were changed with the addition
of polymer and its dosages (Figure 17) and indicated that
rheological properties andmicroperformances changed after
the addition of polymers could be linked to the modified
network of the fibrils [11, 42, 48]. Similar observations were
made by some other researchers who compared the mor-
phological structure of a neat asphalt and the asphalt binder
modified with carbon nanofibers. However, this was not the
case for the study conducted by Stangl et al. [5]; this group
did not find any significant difference between the network
structures with and without polymer modification of asphalt
binders. -e effects of aging on network structure were
observed significant, only after long-term aging (PAV) in the
Stangl et al. study [5], however other study reported aging
changed asphalt ESEM profiles as tested for different tem-
perature and duration, as displayed in Figure 18. To be
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Figure 12: Morphology of RAP-asphalt blends: (a–c) 25%, 40%, and 60% unaged blends, (d–f) 25%, 40%, and 60% RTFO-aged blends, and
(g–i) 25%, 40%, and 60% PAV-aged blends, respectively.
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precise, little to no change was noticed in the RTFOTsample,
a contrast to the Shin et al.’s study [45] which suggests that a
systematic standard test method for aging effect needs to be
developed for improving reproducibility, which can be
utilized to predict micro level performance with statistical
reliability. -us, results from micro- or nanolevel in-
vestigation can be helpful and can be connected to pave-
ment-level model—a driving force of this review.

4. Micromechanistic Characteristics of Asphalt

-is section summarizes micromechanistic characteristics
and performances of asphalt binders and how they are
influenced by chemomorphological properties that have
been previously presented. Among many fundamental
properties of asphalt binders, adhessibility, elastic and
composite moduli, creep and deformation behavior, and

(a) (b)

Figure 14: (a) Micrograph of an asphalt sample after 2minutes irradiation. (b) Electron effects in that asphalt due to double irradiation.-e
figure is obtained from Gaskin [44] (under the creative commons attribution license/public domain).

(a)

(b)

Figure 13: (a) Fluorescence microscopy of pure bitumen (left) and SBS modified bitumen (right). (b) Fluorescence microscopic pictures of
the cross section of the PBmas (left) and the SBSmas (right) directly after being broken at 0°C. -is figure is obtained from Qiu [40] (under
the creative commons attribution license/public domain).
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Figure 15: Topographic images showing the interaction between n-heptane and asphaltenes. (a) Asphaltene with n-heptane, (b) asphaltene
during n-heptane evaporation, and (c) asphaltene after evaporation of n-heptane. -e figure is obtained from Nikooyeh [47] (under the
creative commons attribution license/public domain).

(a) (b)

Figure 16: Figure micrograph of maltene fraction after irradiation for 1 minute (a) and after 2 minutes (b). -e figure is obtained from
Gaskin [44] (under the creative commons attribution license/public domain).

(a) (b)

(c) (d)

Figure 17: ESEM scan of modified asphalt (3% SBS) (a) 5000x and (b) 30000x. ESEM scan of modified asphalt (5% SBS) (a) 5000x and (b)
30000x. -e figure is obtained from Jasso [48] (under the creative commons attribution license/public domain).
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frictional properties are often considered critical by the
pavement community, and they are discussed in the fol-
lowing sections.

4.1. Adhessibility of Asphalt Phases. A number of studies
have attempted to investigate the adhesion property of as-
phalt binders and their various microphases [49–55]. -e
adhessibility of an asphalt binder is found to significantly
vary with asphalt source, chemical compositions, and types,
and they are influenced by environmental factors such as
temperature and moisture. -ese studies reported that the
aforementioned factors also influence the adhesive force
of various microphases of asphalt binders. In micro- and
nanoscales adhesive force is estimated from the force-dis-
tance curve obtained in experimental results of the atomic

force technique—the PFQNM™ (PeakForce quantitative
nanomechanical) property mapping. In the PFQNM™
technique, the Derjaguin–Muller–Toporov (DMT) model,
shown in equation (2), is utilized to predict adhesive forces.
Detail technique can be found in many literatures [21, 40].
Figure 19 presents the variation of adhesion force within a
20-micrometer square asphalt fraction. In Figure 19, regions
with white patches exhibiting bee structure (catana phase)
have the weakest adhesive force than other phases. -e color
variation indicates force differences from none to about
242 nN. However, studies [55] found that, in general, some
phases of asphalt have a distinctive pattern of adhesion
forces. Figure 20 shows a tentative height profile indicating
adhesion force over the profile of an asphalt sample. In
general, the catana phase has the weakest adhesive force,
while periphase has the highest adhesive force as reported by

(a) (b)

(c) (d)

(e) (f )

Figure 18: (a) ESEM profile of asphalt after aging at 0°C for 2minutes, (b) after aging at 5°C for 2 minutes, (c) 10°C for 2 minutes, (d) 15°C
for 2 minutes, (e) 20°C for 2 minutes, and (f) 25°C for 2 minutes. -e figure is obtained from Gaskin [44] (under the creative commons
attribution license/public domain).
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Fischer et al. [49]. However, the third phase (perpetua) can
exhibit adhesive force as high as periphase.

FAdh � F−
4
3
E
r

����������

R d−d0( 
3



, (2)

where FAdh � adhesion force, F � applied force, R � radius of
the curvature developed due to the force, d− do � deforma-
tion of the sample, and Er � Young’s modulus of the sample.

Within the catana phase of an asphalt binder, Dourado
et al. [52] found that the adhesion force is very consistent;
to be precise, the data had just a coefficient of variation of
16%. After conducting studies on a number of asphalt
samples, Yu et al. [51] found that there was a statistically
significant difference in adhesive force between two areas
(raised and recessed) in asphalt, as shown in Figures 21(b)
and 21(c). Chemomechanical properties of these mor-
phological regions in the sample may be accounted for this
difference are critical and needed to be better understood if
adhessibility is sought to be enhanced for improving
pavement performance. And, indeed, some improvement
in adhesion force was noticed at nanoscale where the
sample studied was modified by some hydrocarbon ad-
ditives that can be seen in Rebelo’s study [22]. Also,
Tarefder et al. [56, 57] found this adhesion force en-
hancement occurred, in general, when asphalt was mod-
ified with common styrene-butadiene (SB), SBS polymers,
and limes.

4.2. Modulus Behavior of Asphalt Micro Phases. With the
development of the PFQNM technique in atomic force mi-
croscopy, it became possible to obtain nanomechanical
properties of asphalt, on top of topographic height profile.
Among three morphological phases discussed earlier, Fisher
et al. reported that the periphase surrounding the catana
phase is stiffer than the perpetua phase (smooth matrix), and
the perpetua was found more viscous than the periphase. In
this investigation for themodulus profile of an asphalt sample,
two groups of moduli were noticed clearly: one group with a
low modulus value, ranging from 300 to 450MPa and the
other group with a high modulus value, ranging from 500 to

750MPa. It was also reported that low modulus zone cor-
responds to the perpetua phase while the high modulus zone
corresponds to both catana phase and periphases [49]. Similar
observations were made in the Lyne’s work [55]. Surprisingly,
later some other researchers [50] found that the perpetua
phase had a higher DMT modulus value than that of peri/
catana phase using (Figure 22).

Dourado et al. estimated elastic modulus of an asphalt
sample on five different spots, which were mostly selected in
bee areas [52]. -ose spots were tested with varying loads
ranging from10nN to 40nN. Elasticmoduli in these spots were
estimated with equation (3), and it was observed that moduli
values varied from 0.29GPa to 2.0GPa, with trend of the higher
the load, the lower the modulus value, an opposite trend that is
generally seen at a macroscopic scale. -e perpetua phase
(smooth matrix) was noticed to be stiffer than the catanaphase/
periphase that supports Hossain et al.’s findings [50].

Allen et al. [58] examined viscoelastic/composite moduli
of asphalt phases for aged and unaged conditions. A sig-
nificantly higher modulus value was reported for all three
phases in aged asphalt sample than that of the unaged
sample. When an additive is added to modify an asphalt
binder to improve its mechanistic behavior, the additive
changes its morphological network as discussed in the
previous section. In turn, the modified morphology helps
improve the mechanistic performance. Such behavior was
also seen in the microscopic scale—in terms of modulus of
the asphalt phases. Besides, modulus values of asphalt phases
in this very small scale is also significantly affected by the
testing temperature. As expected, moduli of asphalt phases
decrease as temperature increases, in general. Figure 23
presents a two-dimensional model and shows how modu-
lus of catana, peri, and perpetua phases changes under a wide
range of temperature.

E �
4 1− ϑ2 Fmax

3 δ2max tan α
, (3)

where E � elastic modulus, F � maximum applied force, α �

half angle in the tip of cantilever in atomic force microscopy,
δ � indentation depth, and ϑ � Poisson’s ratio.
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Figure 19: Micrograph of asphalt showing adhesion force overlay on a 20 × 20 micrometer sample.
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4.3. Creep and Deformation Characteristics of Asphalt Phases.
Asphalt is fundamentally a viscoelastic material—exhibiting
the behavior of an elastic solid and a viscous liquid. When it
is placed under a mechanical loading, it deforms instantly
and also over time. When load is removed, some part of the
deformation rebounds. Many studies have been conducted
to understand this viscoelastic behavior of asphalt from
micro- and nanoscopic scales [19, 35, 50, 52, 58]. Dourado

et al. [52] examined how asphalt’s morphological surface
changes under mechanical loading (10 nN) over time with
the AFM technique. It was reported that, after 12minutes
from loading, a dark zone appeared that reflected changes
in morphology for an imposed load, but it is reduced
significantly after an hour. Qtaish [59] also found similar
results (Figure 24). Figure 25 displays how the phase de-
formation changes over time. Clearly, it can be noticed first
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Figure 21: (a) Topographic image of asphalt sample with varying height, (b) adhesion force values (in nN) obtained in raised area from
different samples, and (c) adhesion force values (in nN) obtained in recessed area. -e Figures 21(b) and 21(c) is reproduced from Yu et al.
[51] (under the creative commons attribution license/public domain).
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deformation was increasing under the loading that could be
attributed to the tensile effect on the surface, whereas after
reaching the peak deformation, it decreased over time that can
be attributed to elastic recovery after the load is removed.

Allen et al. [33] estimated deformation characteristics of
asphalt phases for aged and unaged conditions for different
asphalt samples and found different creep performance
between the asphalts. Figure 26 shows deformation profiles
of two phases (continuous phase/smooth matrix and dis-
persed phase/surrounding of bee) of SHRP ABD asphalt. For
the unaged sample, higher deformation was observed in
smooth matrix than the dispersed phase under a creep static
loading of 5 nN, while almost similar deformation trend was
observed for both phases in the aged sample, suggesting
morphological changes of the phases during aging processes.
Interestingly, aged phases exhibited an elastic solid material
behavior—a linear deformation with time while unaged
phases showed a lag in deformation response for the creep
loading. Study also found that the deformation value of
asphalt phases, that is critical for understanding nucleation
of microcracks and developing prevention mechanisms, is
changed with the additives added for asphalt modification or
when a neat asphalt is blended with aged asphalt from
recycled pavement [50]. Figure 27 shows asphalt phases after
straining. Crack is nucleated around the bee areas at dif-
ferent scales and with different geometrical blocks—such
differences can be attributed to the heterogeneity in the

asphalt phases that induce differential local stress and strain
with various amplitude leading to microcracks.

5. Concluding Remarks

Asphalt binder is a vital component for asphalt pavement
and dictates the overall performance of pavement. Much
research studies have been done to better understand the
behavior and properties of binder. In the recent years, a
number of studies have also been conducted to un-
derstand asphalt binder at molecular/nanoscale level. A
thorough review on asphalt binder’s binder properties at
different scale levels has been conducted in this study.
Based on the review of the literature, the following can be
concluded:

(i) To better understand and predict the performance
of pavement, it is important to understand the
behavior and performance of asphalt binder at
molecular and nanoscales. -is became even more
important with the increased trends in modifica-
tion of asphalt binders and utilization of recycled
asphalts in new pavement constructions.

(ii) Asphalt molecular models are widely varied
depending on origins, chemical processing, and so on.

(iii) At the nano level, an asphalt binder has three major
microdomains: catana phase (also called dispersed

88.9MPa

Figure 22: Modulus profile of an asphalt sample of 20 × 20 micrometer.
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phase), periphase (phase surrounding dispersed
phase), and perpetua phase (continuous phase). It is
reported that the existence and dominance of these
microdomains can be highly influenced by aging,
environmental factors, and asphalt modification types.

(iv) Many studies also reported that an asphalt binder
consists of network of molecular compounds, ob-
served through electron microscopes. When asphalt
is loaded, the fibril network provides the resistance

force and contribute to prevent deformation and act
as a stitching between the microcracks. -e average
diameter of molecule fibril of a typical asphalt
molecule is 10micrometers. However, the size of the
fibrils can vary due to aging and modification types.

(v) Adhesibility is a very important performance property
of asphalt binder that is highly varied depending
source, and chemical compositions and types. -e
adhesive property of asphalt microdomains can be

(a) (b)

(c) (d)

Figure 24: Asphalt micrograph: (a) directly before loading, (b) 163 sec after loading, (c) 350 sec after loading, and (d) 800 sec after loading.
-e figure is obtained from Qtaish [59] (under the creative commons attribution license/public domain).
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Figure 25: Changes in deformation in the asphalt phase under a mechanical loading of 25 nN.-e figure is reproduced from Dourado et al.
[52] (under the creative commons attribution license/public domain).
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estimated using the atomic force technique, and
studies reported that the property is significantly
varied among themicrodomains and the catana phase
has the weakest adhesive force component.

(vi) From stiffness perspective, the catana phase is stiffer
than perpetua phase, while the perpetua phase was
found more viscous than periphase. However, un-
der creep loading, a higher deformation was found
in the perpetua phase compared to the catana phase.
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As a by-product from the incineration of municipal solid waste, bottom ash has a broad application prospect of resource
utilization. In this study, bottom ash was selected as partial aggregate alternative and used as roadbase materials. .e
cemented aggregate containing bottom ash was evaluated through both experimental and numerical analysis. According to
the results, the unconfined compressive strength of samples increases with the curing time, and the failure strain of sample
decreases with the curing time. .e unconfined compressive strength and failure strain of samples are influenced by the
types of bottom ash. .e increase of compressive strength with the curing time can be attributed to that the hydration
reaction of cement will be more complete when the curing time is longer. .e representative value (7 days) of unconfined
compressive strength of samples meets the strength requirement (≥2.5MPa) of the road subbase layer of heavy traffic
highway in China. Subsequently, the surface settlement decreases with the increase of the modulus and thickness of roadbase
and the distance from the centerline, while the settlement increases with vehicle load increasing. .e modulus of the
roadbase is not the main influences on the pavement settlement, under the condition that the strength of samples meets
the requirements. However, increasing the thickness of roadbase can reduce the settlement at the center of the
pavement effectively.

1. Introduction

Nowadays, the amount of municipal solid waste is signifi-
cantly increasing in China [1, 2]. From 2004 to 2015, the
municipal solid wastes increased from 155.1 to 191.4 mega-
tons. Conventional treatment methods for municipal solid
waste include reusing and recycling, composting, anaerobic
digestion, incineration, and land disposal [3–5]. Among
them, incineration treatment is the most effective method in
terms of energy saving and reduction of the volume and
weight of waste [6–8]. In Holland, the incineration percentage
of solid waste reached 40% in 2000, while in Sweden, Den-
mark, Luxembourg, Japan, and Switzerland, such incineration
percentage even reached 60–80% [6, 9]. In China, the in-
cineration percentage of municipal solid wastes also increased

from 2.90% in 2004 to 34.3% in 2015. Obviously, incineration
technique has become more and more prevalent to dispose
municipal solid waste.

However, incineration technique also generates other
types of solid wastes, primarily including bottom ash, fly
ashes, and air pollution control (APC) ashes [10, 11]. Fly ash
and APC ash usually consist of high percentage of chlorides,
heavy metals, or other organic compounds, which are
harmful to environment [12–14], while bottom ash is mainly
composed of noncombustible materials such as glass, ce-
ramics, and unburned matter. .e amount of chlorides and
hazardous chemicals in bottom ash is typically significantly
lower than that in fly ash and APC ash [12]. In addition,
bottom ash accounts for 25% of the amount of total mu-
nicipal solid waste and represents 80% of the total ash
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[15–17]. Due to the high cost of treatment and disposal, the
environment-friendly recycling of bottom ash has attracted
more and more attention in recent years [12].

Some studies reported that the recycled bottom ash was
applied to many construction projects [12, 18]. In Germany
and France, the recycling rate of bottom ash was more than
60%, and in Denmark and Holland, this rate even reached
80% [12], while in China, the recycling rate of bottom ash is
still low [19]. .e municipal solid waste incineration bottom
ash is widely used as soil improvement materials, concrete
aggregate, and roadbed stuffing [16, 20–24]. In China,
bottom ash is mainly used as concrete aggregate, supple-
mentary cementitious material [25, 26]. .ese existing
studies demonstrated that bottom ash could partially replace
natural aggregate, which could save natural resources and
energy. Moreover, the cement is capable of fixing the bottom
ash-containing contaminant by adsorption or surface
complexation, which promotes the environment-friendly
recycling of bottom ash [10, 11].

To address the aforementioned research needs, this study
aimed at recycling the bottom ash frommunicipal solid waste
incineration to partially replacing natural aggregates. .e
ordinary Portland cement (OPC) was used as a binder ma-
terial in the bottom ash-aggregate mixture. .is study in-
vestigated the effects of curing time and mixture ratio on the
mechanical behavior of the bottom ash-aggregate mixture.
MIDAS GTS was used to simulate the pavement settlement
when using the bottom ash in roadbase. .e influence factors
included the axle load and the modulus and thickness of
roadbase. Finally, both the laboratory and simulation results
advocated the use of bottom ash in roadbase.

2. Materials and Methods

2.1. Materials. .e bottom ash used in this study was col-
lected from Taizhou municipal solid waste incineration
power plant in Jiangsu Province, China. Approximately 800
tons/day of municipal solid wastes were incinerated for
electricity generation in this plant. As a kind of renewable
resources, the bottom ash includes the original bottom ash
and cracked bottom ash. As shown in Figure 1, original
bottom ash was crushed into smaller particles that is called
cracked bottom. Four types of limestone aggregates were
used in the study, which are labeled as 1#, 2#, 3#, and 4#,
respectively. .e particle size distributions of original bot-
tom and cracked bottom ash and limestone aggregates are
shown in Table 1. As presented, 96% of 1# aggregates are
distributed within the range of 9.5mm∼31.5mm; 95.8% of
2# aggregates are within the range of 4.75mm∼19mm;
97.3% of 3# aggregates are within the range of
0.075mm∼9.5mm; and 84.5% of 4# aggregates are within
the range of 0.075mm∼4.75mm. .e particles of cracked
bottom ash are smaller than the original bottom ash.

.e physical properties of original bottom ash and
cracked bottom ash and limestone aggregate are presented in
Table 2. Note that the current Chinese standard JTG/F20
only requires to measure the apparent density for aggregates.
As shown in Table 2, the apparent density of the original
bottom ash and cracked bottom ash is less than that of

limestone aggregate. Due to the porous structure of the
bottom ash, the water absorption of original bottom ash and
cracked bottom ash are much higher than that of the
limestone aggregates. According to the JTGE42-2005, the
crushing value is an index to evaluate the mechanical
properties of aggregates, which describes the resistance of
aggregate to crushing under the increasing load. .e
crushing values of the original bottom ash and cracked
bottom ash are over 30%, which are also greater than that of
the limestone aggregates. Apparently, the hardness of the
original bottom ash and cracked bottom are lower than that
of the limestone aggregates.

As a binder material, the commercially available ordi-
nary Portland cement (OPC) 42.5 was prepared, which
consisted of 6%–15% active additive and 85%–94% cement.
.e cement consisted of 60.48% CaO, 20.85% SiO2, 5.71%

(a)

(b)

Figure 1: Examples of bottom ash. (a) Original bottom ash.
(b) Cracked bottom ash.

Table 1: Particle size distribution of 1#, 2#, 3#, and 4# aggregates,
original bottom, and cracked bottom ash (%).

Aggregate Unit
Particle size (mm)

31.5 26.5 19 9.5 4.75 2.36 0.6 0.075
1#
aggregate % 100 95.9 55 4 1 0.9 0.9 0.9

2#
aggregate % 100 100 100 56 4.2 0.9 0.9 0.9

3#
aggregate % 100 100 100 100 92 47.3 14.2 2.7

4#
aggregate % 100 100 100 100 98.5 65.8 31.3 14.0

Cracked
bottom ash % 100 100 100 99.5 79.8 49.9 22.2 3.2

Original
bottom ash % 100 98.6 91.9 71.1 50.9 35.5 19.9 3.9
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Al2O3, 3.33% Fe2O3, 2.28% MgO, 2.84% SO3, and 1.43%
Na2O [10].

2.2. Method. .e aggregate-bottom ash mixture consists of
limestone aggregates and cracked bottom ash or original
bottom ash, in which the cracked bottom ash and original
bottom ash account for 20% of the weight of limestone
aggregate [27]. .e aggregate-bottom ash mixtures are
recorded as PS-20 and YZ-20 as shown in Table 3. Note that
the current Chinese standard JTG/F20 recommends using
mass fraction in the mix design. According to Liu et al., the
control sample without bottom ash is recoded as LZ-0 [27].
With the bottom ash joining, the number of feed hopper
increases accordingly. .erefore, reducing variation of the
aggregate yields fast construction speed, simple operation,
and low construction cost. As shown in Table 1, the particle
size distribution of 3# aggregate is similar to cracked bottom
ash. With the amount of cracked bottom ash kept constant,
the 3# aggregate is replaced by cracked bottom ash. .e
combined aggregate is simply regarded as PSS-20. .e
proportion of PS-20, YZ-20, and PSS-20 combined aggre-
gates is shown in Table 3. As shown in Figure 2, the gra-
dation of different designed mixtures (LZ-0, PS-20, YZ-20,
and PSS-20) is similar to each other [27], which all meet the
requirement (JTG D50-2006). In addition, the cement
content accounts for 4% of combined aggregates. According
to JTG E51-2009, the maximum dry density and the opti-
mum water content of PS-20, YZ-20, and PSS-20 combined
aggregates with cement content 4% were determined by the
compaction tests. .e maximum dry density of LZ-0, PS-20,
YZ-20, and PSS-20 is 2.401 g/cm3, 2.293 g/cm3, 2.293 g/cm3,
and 2.308 g/cm3, respectively. .e corresponding optimum
water contents are 5.3%, 5.1%, 5.1%, and 5.2% [27].

Limestone aggregate, cracked bottom ash, original
bottom ash, and OPC samples were oven-dried at 105°C for
24 hours (h) (101-A, Leao, China). Subsequently, they were
cooled down to room temperature in a desiccator. In order
to mix thoroughly, the limestone aggregates and cement
were first homogenized with cracked bottom ash or original
bottom ash at three different ratios (as shown in Table 3 by
dry mass) manually in the vessel. According to the optimum
water content, the distilled water produced by a water
distillation apparatus (JYCS-0.02 T, China) was added
slowly into the dry mix for the mixing process. After the

mixing procedure, the mixture was transferred into the
molds (V 150mm × h 150mm, Boyuan, China) with 98% of
the maximum dry density at the optimummoisture content.
Afterwards, the samples were demolded and wrapped by the
polyethylene film. After the period, the mixtures were cured
(≥95% humidity, 20 ± 2°C) for 7, 14, and 28 days in the
standard curing room (BYS-40, Huanan, China).

Electrohydraulic pressure-testing machine (DYE-2000,
Huaxi, China) was used to obtain the compressive strength
(fcu) of samples..e diameter of loading platformwas 15 cm,
and the range was fixed at 0∼20000 kN during the test. Total
maximum loads were recorded, and the compressive
strength was determined using the following formula:

Table 2: Physical properties of aggregates.

Aggregate Sizes (mm) Crushing value (%) Apparent density (g/cm3) Water absorption rate (%)
Standard (JTG E42-2005) T0302-2005 T0350-2005 T0328-2005 T0330-2005

Original bottom ash

(2.36∼4.75) 30.6 2.412 9.647
(4.75∼9.5) 32.5 2.458 7.74
(9.5∼19.0) 33.1 2.318 6.23
(≥19) 43.6 2.253 6.75

Cracked bottom ash (2.36∼4.75) 32.3 2.468 8.89
(4.75∼9.5) 34.7 2.402 6.41

Limestone aggregate

(2.36∼4.75) 25.3 2.733 0.81
(4.75∼9.5) 18.2 2.715 0.62
(9.5∼19.0) 22.6 2.726 0.74
(≥19) 24.9 2.731 0.70

Table 3: Proportion of combined aggregates (%).

Combined
aggregates

Limestone
aggregate

Crushed
bottom
ash

Original
bottom
ash1# 2# 3# 4#

PS-20 47 14.7 6 15.6 16.7 /
YZ-20 42.2 14.6 8.4 18.1 / 16.7
PSS-20 47 14.7 / 21.6 16.7 /

31.5 19 4.75 0.6
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Figure 2: Grain size distributions of LZ-0, PS-20, YZ-20, and PSS-
20 and standard limits.
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fcu �
F

A
, (1)

where F is the total maximum load (N) and A is the area
of loaded surface (mm2) [1]. Meanwhile, the failure
strain (εf ) was measured by displacement meter (KTR11,
MIRAN, China). Six replicates were analyzed for each
trial.

2.3. Numerical Simulation Model. .e roadbase is a sup-
porting layer for road structure. Its main function is to bear
the traffic load and disperse the stress generated from
pavement surface to underlying layers [28–31]. At present,
semirigid base course materials (e.g., cement-, lime-, or fly
ash-stabilized aggregates) are widely used in highway
construction.

.is research adopts the MIDAS/GTS finite element
software to simulate cemented aggregate containing bottom
ash used in ordinary municipal roadbase. .e influence of
mix proportion, roadbase thickness, and vehicle load on the
structural deformation of the road surface is analyzed. In this
paper, the schematic plot of road structure is shown in
Figure 3..e simulation was made on an axisymmetric finite
element model [32].

In this model, the road width is 5 meters. .e calculation
range of the soil foundation is triple the distance of the half
road surface. .e calculation depth of the model is from the
pavement to 3 meters below the surface in the model. .e
pavement structure consists of some layers as follows: as-
phalt layer, cement-treated aggregate containing bottom ash,
and soil foundation. .e basic dimensions and parameter of
model (constitutive model, thickness, and basic properties of
each layer) are shown in Table 4.

In pavement structure design, it is generally assumed
that the axial load is uniformly distributed on the contact
area [33]. In BZZ-100 standard axle load, axle load is 100 kN
and contact pressure is 0.7MPa. .e contact area of wheels
and road surface is 0.134m2 (JTG D50-2006). .e road
position is shown in Figure 3, and the radius is 0.152 m in a
single round contact.

.e subsidence of the simulated surface of the road is
only caused by the traffic axle load. Model boundary con-
ditions are that the bottom boundary is completely fixed and
that the side boundary is horizontal fixed. .e model as-
sumes this simulation is a plane strain problem.

Note that the development of elastic modulus may be
inferred from the characteristics of strength development.
Lim and Dan investigated relationship between the mea-
sured compressive strength and elastic modulus of cemented
aggregate containing bottom ashmixtures [34]. Equation (2)
is used for predicting elastic modulus of cemented aggregate
containing bottom ash materials [34]:

E � 635.26 · (16.0256w)
1.5

· 0.0069fcu( 
0.75

, (2)

where E is the elastic modulus (MPa); w is the mixture
density(g/cm3); and fcu is the unconfined compressive
strength (MPa) after 28 days’ curing. .e elastic modulus is
applied to the numerical simulation in this paper.

3. Experimental Results and Analysis

.e unconfined compressive strength values and the failure
strain of the cemented aggregate containing bottom ash
sample under different curing periods are presented in
Figures 4 and 5, respectively.

.e unconfined compressive strength of samples in-
crease with the curing time, while the failure strain of
samples decrease with the curing time. .e unconfined
compressive strength and failure strain of samples are also
influenced by the types of bottom ash. Compared to the 7
days’ curing, the compressive strength of LZ-0, YZ-20, PS-
20, and PSS-20 after 14 days’ curing increased by 47.8%,
23.9%, 31.1%, and 30.3%, and the failure strain of YZ-20, PS-
20, and PSS-20 decreased by 20.6%, 16.8%, and 22.9%. After
28 days’ curing, the compressive strength of LZ-0, YZ-20,
PS-20, and PSS-20 increased by 73.9%, 49.9%, 41.7%, and
47.8%, and the failure strain of YZ-20, PS-20, and PSS-20
decreased by 27.3%, 22.5%, and 21.1%.

Figures 4 and 5 show that the compressive strength of
mixtures increases and the failure strain decreases with the
curing time. .is is because the hydration reaction is more
adequate with a longer curing time. During the period of
cement hydration reaction, two processes are involved.
One is through-solution hydration, which involves several
factors such as dissolution of anhydrous compounds into
their ionic constituents, formation of hydrates in the so-
lution, and eventual precipitation of hydrates from the
supersaturated solution. .e other is solid-state hydration
of cement, and the reactions occur directly at the surface of
the hydrous cement compounds. During this period, no
compounds dissolve into solution. In the early stage of
cement hydration, through-solution hydration is domi-
nant. At the poststage of cement hydration, the hydration
of residual cement particles may occur by the solid-state
reactions, and the migration of ions in the solution be-
comes restricted [35]. As presented in Figure 4, LZ-0 has
higher compressive strength values than other materials at
all the three curing times. .e reason is that the strength of
the bottom ash is lower than that of the limestone ag-
gregate, and the partial replacement of limestone aggregate

Soil foundation

Roadbase

Road pavement1

2

3

Sy
m

m
et

ry
 ax

is

p

r0

Figure 3: Schematic plot of road structure.
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affects the compressive strength of the sample. According
to Table 2, the crushing value of bottom is lower than the
limestone aggregate, which further explains the strength of
LZ-0 is higher than other samples [27].

.e unconfined compressive strength of mixtures and the
failure strain are influenced by the types of bottom ash.
Compared to the YZ-20 samples, PS-20 samples and PSS-20
samples have higher strength under the same condition. .is
is because PS-20 samples and PSS-20 samples have more 1#
and 2# limestone aggregate than YZ-20 samples from Table 3.
.e strength of the granular material grows with the increase
of the maximum particle size, especially for comparable
gradation curves [36]. .e unconfined compressive strength
of samples PSS-20 is slightly higher than that of samples PS-
20, under the same condition. According to Table 3, PSS-20
has more fine aggregate than PS-20. .e fine aggregate has a
certain viscosity and plasticity, which will affect the suction in
the structure. Meanwhile, the increase of fine particle content
results in a higher suction and pore-filling degree and in-
creases the stability between coarse aggregates [22], which
further explains that the unconfined compressive strength of
samples PSS-20 is slightly higher. Because of premature de-
struction of large-sized original bottom, the failure strain of
the original bottom ash samples is lower than that of the
cracked bottom ash samples at the same age.

When the bottom ash content is 20% and the cement
content is 4%, the representative value (7 days) of the un-
confined compressive strength are 3.35∼4.56MPa, which
can meet the strength requirement (≥2.5MPa) of the road
subbase layer of heavy traffic highway in China. Under the
same condition, the samples containing cracked bottom ash
also meet the strength requirements (≥3.5MPa) of the
subbase layer and the base layer (JTG/T F20-2015).

4. Simulation Results and Analysis

.is research used the cement-treated aggregate containing
bottom ash as roadbase and explored the influence of base
modulus, base thickness, and vehicle load on settlement
deformation of pavement.

4.1.Analysis of the InfluenceofRoadbaseModulus. Due to the
cemented aggregate containing bottom ash sample with
different conditions, the elasticity moduli of roadbase also
vary in most cases. According to the experimental results,
the elasticity moduli of cemented aggregate containing
bottom ash of LZ-0, PSS-20, PS-20, and YZ-20 after 28 days’
curing are 17267MPa, 14311MPa, 13823MPa, and
11867MPa. Figure 6 shows the surface settlement of
pavement using different roadbase materials.

Table 4: Parameters of finite element model.

Material ① ② ③
Asphalt mixture Cemented aggregate containing bottom ash Silty clay

Constitutive model Elasticity Elasticity Mohr–Coulomb
.ickness (m) 0.18 0.4 2.42
Bulk density (kN/m3) 19.6 22.9 17.4
Elasticity modulus (MPa) 1400 13823 22
Cohesive force (kPa) / / 24
Internal friction angle (°) / / 30
Poisson’s ration 0.25 0.2 0.32
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Figure 4: .e unconfined compression strength of samples under
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.e surface settlement of the pavement decreases when
increasing the elastic modulus and also decreases when the
distance is away from the load center. Compared to the load
center, the settlement of pavement that is 2.5 meter away
from the center reduces by 50% approximately, and the
settlement at the edge decreases by 115–145%. Compared to
LZ-0, the use of YZ-20, PS-20, and PSS-20 increases the
settlement of pavements at the load center by 6.2%, 4.1%,
and 3.2%. .is indicates that different combinations of
aggregates (LZ-0, YZ-20, PS-20, and PSS-20) have negligible
effects on pavement settlement. .erefore, the modulus of
the roadbase is not the primary factor affecting the pavement
settlement, if the base material meets the standard
requirements.

4.2. Analysis of the Influence of Roadbase 1ickness.
According to the JTG D50-2006, the minimum compaction
thickness of the single cemented structure layer is 150mm.
In this paper, the base and subbase layer are merged into one
layer. .e designed thickness of the roadbase layer is
300mm, 400mm, and 500mm, respectively. .e settlement
of pavement with different thickness of the roadbase layer is
shown in Figure 7.

.e surface settlement of the pavement with different
roadbase thicknesses decreases with increasing roadbase
thickness and distance away from the centerline. Compared
to the center settlement for 300mm thick roadbase, the center
settlement for 400mm and 500mm thick roadbase decreases
by 15.8% and 27.9%, respectively. Compared to the surface
settlement at the center, the settlement at the edge with 300m,
400mm, and 500mm roadbase thickness decreases by
116.5%, 115.5%, and 109.9%, respectively..e influence of the
thickness of roadbase on the reduction of the surface set-
tlement is more effective than the roadbase modulus.

4.3. Analysis of the Influence of Traffic Load. Considering the
influence of traffic load on the settlement of the pavement,

the designed axle load of the vehicle is p � 0.7MPa (BZZ-100
standard axle load), p � 1.05MPa (overload 50%), and p �

1.4MPa (overload 100%). .e settlement of pavements with
different traffic loads are shown in Figure 8.

.e surface settlement of the pavement with different
loads decreases with increasing the distance away from the
centerline and increases with increasing the traffic load.
Compared to the surface settlement at the center, the set-
tlement of the pavement (2.5 meter away from the center)
with standard axle load, overload 50%, and overload 100%
increases by 53.4%, 53.5%, and 52.6%; the settlement of the
pavement at the edge with standard axle load, overload 50%,
and overload 100% increases 115.5%, 116.0%, and 116.7%.
Compared to the surface settlement with BZZ-100 standard
axle load, the surface settlement with overload 50%, 100%
increases by 51.2%, 103.7%. Under this scenario, the
pavement settlement at the centerline o is linearly pro-
portional to the axle load.

5. Conclusions

(1) Municipal solid waste bottom ash is suitable to use
as roadbase materials to partially replace aggre-
gates. .e physical properties and the designed
gradation of aggregate-bottom ash mixtures (LZ-0,
PS-20, YZ-20, and PSS-20) meet the standard
requirements.

(2) .e unconfined compressive strength of cement-
treated aggregate containing bottom ash samples
increases with curing time, and the failure strain
decreases with curing time. Under the same con-
dition, the strength of samples with original bottom
ash was significantly lower than that within cracked
bottom ash samples. .e unconfined compressive
strength representative value (7 days) could meet the
strength requirement of the subbase and base layer of
heavy traffic highway in China.
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(3) .e surface settlement decreases with the increase of
base modulus, base thickness, and distance away
from the centerline, but increases with increasing
traffic loads. .e modulus of the roadbase was not
the primary factor affecting the pavement settlement,
if the base material meets the standard requirements.
.e influence of the thickness of roadbase on the
reduction of surface settlement is more effective than
the roadbase modulus.
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As a common issue for cold weather regions, premature deterioration of concrete at joints has been reported in many states. In this
paper, the mechanisms of joint deterioration were investigated, and then, experimental investigations were conducted to further verify
some of the mechanisms. It was found that freeze-thaw (F-T) damage and salt crystallization are not enough to cause the observed
deterioration, but the deterioration near the interfacial transition zone (ITZ) may be the cause of some of the observed phenomena. In
the experimental work, samples were tested at 40°F in salt solutions to observe the deterioration in the ITZ using the scanning electron
microscope (SEM). Concrete tested inMgCl2 solution indicated distress in ITZ under SEM. It was found that ITZmay act as a shortcut
for ion transfer to surrounding concrete near the joints and may also be the weak point for cracking due to expansion of the paste.

1. Introduction

Sawn joints in concrete pavements are used to control both
transverse and longitudinal cracking, which are induced by
shrinkage or contraction of the pavement. According to the
American Concrete Pavement Association [1], an efficient
joint system should accommodate slab movements, transfer
load between pavement segments, and divide the concrete
slab into practical construction increments. Contraction
joints are normally made by saw cutting, with a minimum
depth of ¼ the thickness of slab but not less than 25.4mm
and a minimum width of 3.18mm. Saw cutting is conducted
when the concrete is mature enough to be cut without

spalling, but not too late to allow random cracks in the slab.
A sealant is often placed to prevent water from getting into
the joint. However, sealants may deteriorate and so allow
water to penetrate the saw cut over time, thus increasing the
risk of damage within the kerf.

Performance and service life of concrete pavements are
heavily dependent on the performance of the joints. Hence,
premature joint deterioration is a great concern, particu-
larly in cold weather regions. Figure 1 showsmultiple forms
of pavement joint deterioration observed in different states
[2]. To control or eliminate such pavement deterioration, it
is necessary to understand the mechanisms of joint
damage.
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*e objective of this research was to review the current
state of knowledge of possible causes of joint deterioration
and further investigate the mechanism behind this form of
deterioration.

2. Mechanisms of Joint Deterioration

Damage is typically observed in two different forms.*e first
is the formation of small flakes in the paste near the joint
(Figure 2(a)). *e other form is where cracks form about
25.4mm from the exposed face, and exposed aggregate
particles are observed (Figure 2(b)). In the latter case, the
concrete between the crack and the face is often in good
condition. Typically, the crack will form around the coarse
aggregate leaving it unusually free of mortar. *e cause of
this distress has been less well understood.

*e current knowledge of joint deterioration indicates
that there are four major mechanisms by which concrete
joints may deteriorate:

(1) Freezing-thawing (F-T) damage
(2) Salt crystallization
(3) Oxychloride expansion
(4) Interfacial transition zone damage

2.1. Freezing-8awing Damage. It is widely accepted that the
freeze-thaw mechanism is typically associated with concrete
that contains marginal air-void systems that are exposed to

abundant moisture. Moisture in a joint may be higher than
that at the surface because water is trapped due to insufficient
drainage of the base layer or the cracks not opening up. Li
et al. [3] have observed that for samples with a degree of
saturation higher than a critical value of 86–88%, concrete
may exhibit damage in a few freeze-thaw cycles. *ey also
found that saturated concrete is unable to resist cyclic F-T,
regardless of the air content of concrete, although a properly
entrained-air system is effective at delaying critical saturation.

2.2. SaltCrystallization. Deicing salts are applied to roadways
in areas that experience snow and ice in order to ensure the
safety of traffic on roadways. Salts in pore solutions may
crystallize out and form crystals due to changes in external
humidity or temperature. A state of supersaturation is re-
quired for crystallization to occur. Under supersaturation, the
cumulative crystals generate stress on the confining pore walls
and cause damage in the solid matrix of a concrete mixture
[4]. Using an equation proposed by Correns in 1949 [5] which
describes the growth and dissolution of crystals under pres-
sure (Equation (1)), *aulow and Sahu [4] concluded that
potential pressure created by crystallization (159 atm) could be
5 to 10 times the tensile strength of concrete in their example:

P �
RT

Vs
∗ Ln

C

Cs
, (1)

where P is the pressure exerted by growing crystals, R is the
gas constant, 0.082 L-atm/mol, T is the absolute

(a) (b) (c)

(d) (e) (f )

Figure 1: Photos of joint deterioration from multiple states. (a) Arizona, 2011. (b) Colorado, 2010. (c) Illinois, 2014. (d) Kansas, 2012.
(e) Missouri, 2005. (f ) Nebraska, 2010.
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temperature, K, Vs is the molar volume of solid salt in
L/mole, andC/Cs is the degree of supersaturation, where C is
the existing solute concentration and Cs is the saturation
concentration.

2.3. Oxychloride Formation. Certain deicers contain
chemicals that may deteriorate concrete pavement. Chloride
deicers will increase the concentration of calcium and
magnesium in pore water of concrete. At the same time, the
chloride is able to react with cement paste and forming a new
expansive phase that may be expansive, calcium chloride [6].
*e expansive nature of calcium oxychloride can block the
concrete pore connection, decrease the fluid transfer
property in concrete, and influence the entire concrete
matrix [6–8].

Formation of calcium oxychloride occurs at temperature
just above freezing [6, 8]. Both calcium chloride and
magnesium chloride can form calcium oxychloride by
reacting with calcium hydroxide from the cement paste.
*ough various forms of calcium oxychloride can be pro-
duced based on environmental conditions such as tem-
perature and relative humidity, a common reaction is
illustrated in Equation (2).*e reaction betweenmagnesium
chloride and calcium hydroxide is complex, producing not
just calcium oxychloride but also magnesium chloride in
secondary reactions [9]:

3Ca(OH)2 + CaCl2 + 12H2O⟶ 3Ca(OH)2 · CaCl2
· 12H2O

(2)

When MgCl2 is used as a deicer on concrete pavements,
a reaction between Ca(OH)2 from cement hydration and
magnesium chloride will produce brucite (Mg(OH)2
(Equation (3)). At the same time, the calcium in calcium
silicate hydrate (C-S-H) will be replaced by magnesium to
produce noncementitious magnesium silicate hydrate (M-S-
H) (Equation (4)) [8]:

Ca(OH)2+MgCl2⟶ Mg(OH)2 + CaCl2 (3)

C− S−H + MgCl2⟶ M− S−H + CaCl2 (4)

As the secondary reaction, brucite produced from
Equation (3) will react with remaining MgCl2 to produce
magnesium oxychloride (Equation (5)). Two phases of
magnesium oxychloride are reported to exist, with either 3
or 5 Mg(OH)2 molecules ((3 or 5) Mg(OH)2 MgCl2·8H2O)
[8].

CaCl2 produced from Equation (3) may also contribute
to formation of calcium oxychloride [10], and the process of
calcium oxychloride formation is in a similar stepwise re-
action as MgCl2 solutions (Equation (2)). Both calcium
oxychloride andmagnesium oxychloride have been reported
to be expansive and destructive in the concrete system
[8, 11]:

(3 or 5)Mg(OH)2 +MgCl2 + 8H2O⟶ (3 or 5)Mg(OH)2

· MgCl2 · 8H2O
(5)

Formation of magnesium oxychloride is dependent on the
concentration of magnesium chloride [12, 13]. M-S-H and
Mg(OH)2 are thermodynamicallymore stable than C-S-H and
Ca(OH)2, so it is preferable for C-S-H and Ca(OH)2 to change
into M-S-H and Mg(OH)2, both of which are expansive.
Monosi and Collepardi also reported that the oxychloride
formation proceeds faster at temperatures between 4 and
10°C, while Peterson et al. [13] proposed that a phase change of
calcium oxychloride may occur between 0°C and 50°C.

2.4. Interfacial Transition Zone Damage. *e interfacial
transition zone (ITZ) in concrete is a 10–50 μm zone be-
tween cement paste and coarse aggregates formed during
hydration of cement particles against aggregate surfaces [14,
15]. ITZ has a higher porosity than bulk-hydrated cement
paste. Due to the high porosity and their high connectivity,
property of transportation of fluids is increased in the ITZ,

(a)

Original sealant (~ 25.4 mm)

(b)

Figure 2: Typical F-T deterioration: (a) F-T damage and (b) joint deterioration.
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facilitating movement of chloride ions [16] thus increasing
the amount of paste that may react with the chlorides as
discussed above.

In a previously reported project, Taylor et al. [17] observed
mass loss in samples cycled in 3% sodium chloride solution
using ASTM C666 (Figure 3). In comparing with samples
with no silica fume, samples with an improved ITZ by silica
fume were more durable. It was also reported that chloride
and calcium ions appeared concentrated in the ITZ near the
surface in these samples, indicating that the interfacial
transition zone could be preferentially penetrated and
attacked by deicers (Figure 4). *ey concluded that the ITZ is
playing a significant part in the formation of incremental
cracks about 25.4mm from, and parallel to, the joint surface.

It is well known that the solubility of calcium solutions
increases with decreasing temperature. It was hypothesized
that, as temperatures are reduced in a freezing system, then an
ITZ containing high amounts of Ca(OH)2 might tend to
dissolvemore readily than the bulk C-S-H systemnearby. Such
dissolution would encourage separation of the coarse aggre-
gate particles from the paste. In addition, chloride ions can
penetrate into hydrated cement pastes [18], and leach out
Ca(OH)2, consequently increasing porosity and susceptibility
to freeze-thaw deterioration [19].

2.5. Summary of Mechanisms. *e F-T damage and salt
crystallization stresses discussed above can be quantified.
Based on an equation proposed by Correns [5], Zhang [21]
calculated the crystallization pressure to be about 2600 kPa
in the ITZ.*e osmotic pressure is about 1100 kPa according
to Valenza and Scherer [20]. *e total pressure due to these
mechanisms is thus about 3700 kPa.

Figure 5 shows a deteriorated sample exposed to 3% NaCl
solution, and part of aggregate on the corner is smooth and

clean with no mortar after 10 cycles of F-T. *is is a concrete
sample with 0.45 water-to-cementitious material ratio and 10%
silica fume.*e flexural strength of the sample was likely above
4500 kPa [22] which is greater than the imposed stress. *e
cumulative pressure caused by osmotic pressure and salt
crystallization is therefore not enough to cause the deterioration
in Figure 5.*is suggests that some other mechanism is in play,
such as calcium oxychloride expansion, resulting in the paste
being separated from the aggregate in the ITZ.

3. Materials and Methods

*erefore, the purpose of the work discussed below was to
study whether the formation and expansion of oxychloride
was a part of mechanism causing the deterioration observed
in Figures 2 and 5.

3.1. Materials, Mix Proportion, Curing Condition, and Spec-
imen Preparation. Materials used in this study include the
following:

(i) Coarse aggregate: one inch nominal maximum size
of round gravel (specific gravity (SpG) � 2.66, ab-
sorption � 0.3%, and dry-rodded unit weight �

1541 kg/m3)
(ii) Fine aggregate: No. 4 sieve size nominal maximum

size river sand (SpG � 2.68, absorption � 0.6%, and
fineness modulus � 3.08)

(iii) Portland cement: ASTM C150 Type I
(iv) Supplementary cementitious materials (SCMs):

ASTM C618 Class C fly ash and silica fume

Mixtures used in this study had a constant water-to-
cementitious material ratio (w/cm) of 0.45 and
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Figure 3:Weight change of beams for 600 freezing and thawing cycles (W/C ratio 0.4/0.5; silica fume content 0%, 3%, and 5%; 0.5–0% SF (S)
sample with W/C � 0.5, 0% silica fume, soaked in NaCl).
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a cementitious material content of 335 kg/m3. Mixture
parameters are shown in Table 1.

Concrete mixing and curing were conducted in accor-
dance with ASTM C 192. Air content, slump, and unit weight
were measured after mixing. Two 7.6 × 10.2 × 40.6 cm beams
were cast from each mix. Sample preparation comprised 3
days wet curing followed by exposure to air until 28 days of
age. Beams were cut into 7.6 × 10.2 × 6.35 cm prisms using

a diamond saw at 28 days (Figure 6). *e section thickness
was selected to increase the likelihood that a single aggregate,
and its associated ITZ, would percolate from face to face
thus accelerating distress effects associated with the ITZ.

SE/BSE, 255

(a)

ClKa, 14

(b)

CaKa, 52

(c)

Figure 4: SEM map analysis on distressed samples under cyclic freeze thaw in CaCl2 (calcium and sodium).

Figure 5: Sample exposed to 3% NaCl solution showing washed
aggregate on the corner.

Table 1: Mixture proportions.

Material Quantity
Cementitious materials (kg/m3) 335
Type I cement 80%
C fly ash 20%
Water (kg/m3) 151
Water-to-cementitious material ratio 0.45
Course aggregate (kg/m3) 1125
Fine aggregate (kg/m3) 666

Figure 6: Saw cut slice sample from concrete beam.

Figure 7: Samples partially immersed in deicers.
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All samples were vacuum saturated in accordance with
ASTM C1202 for 24 hours using the following solutions: 3%
sodium chloride (NaCl), 3% magnesium chloride (MgCl2),
and water.

3.2. Test Procedures. Six slices were placed in a pan, partially
submerged in assigned solutions (Figure 7), and stored at
4°C for 56 days. *e low, constant temperature was selected
to remove the effects of freezing, while enhancing potential

Aggregate

Paste

Aggregate

Paste

Aggregate

Paste

Water NaCl MgCl2

No distress

No distress

Aggregate

Paste

No distress

Random crack 

Paste
Aggregate

Clear deteriorated ITZ (line 
between aggregate and paste)

Clear deteriorated ITZ

Aggregate

Paste

Figure 8: SEM images of sample soaked in water, NaCl, and MgCl2 for 56 days.
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dissolution of calcium compounds and formation of oxy-
chloride compounds.*e temperature was also selected based
on distress reported by Sutter et al. [6]. Photos were taken
regularly to track the condition of the sample surface. After 56
days of testing, specimens were split and polished before being
examined in a scanning electron microscope. Samples were
examined under FEI Quanta 250 FE-SEM at a voltage of
15 kV. SEM images from samples are presented in Figure 8.

4. Results and Discussion

It is observed that the samples soaked in water did not
exhibit any distress, as was expected, since no F-Tcycles were
applied. Likewise, neither osmotic pressure nor critical
saturation should occur.

For samples soaked in NaCl, there was some micro-
cracking in the paste matrix, and the zone between paste and
aggregate was undamaged. A possible explanation for this
damage is the reactions between aluminate phases of the
matrix and deicer solutions [8].

SEM images of samples soaked in MgCl2 showed
cracking in the boundary between aggregate and paste
(Figure 8). In addition, Figure 9 shows that the paste was
pushed above the aggregate, indicating expansion in the
paste. It is likely that the damage is due to the paste
expanding away from the aggregate particles. *is type of
deterioration was more prevalent closer to the face of the
sample exposed to solution, which is consistent with distress
being associated with solutions penetrating the system from
an exposed face.

Zhang et al. [23] used the same mix proportions and
materials to observe the influence of the ITZ on F-T re-
sistance of concrete mixtures. Samples with 0, 5, and 10%
silica fume were tested in a variety of salt solutions (NaCl,
MgCl2, CaCl2, and water) in F-T cycles. *ey found that
samples tested in water for 35 cycles remained in good
condition. *is indicated that the paste system was able to
resist F-T cycling without becoming critically saturated as
discussed in F-T damage.

For samples soaked in 3% MgCl2, whole aggregate
particles were observed to be removed in several samples

(Figure 10). *is is again an indicative of aggregate particles
being separated from the paste, likely due to expansion of the
paste tied with damage in the ITZ.

To explain the phenomenon in Figure 2(b), the following
mechanisms may be occurring:

(i) Salt solution is trapped in the kerf of a sawn joint,
either because it has not cracked out or the base
material below the crack is impermeable.

(ii) Salt solution is preferentially transported around
coarse aggregate particles through the ITZ.

Figure 9: Photo of sample after 56 days inMgCl2: paste was pushed
above aggregate.

Figure 10: Samples exposed to MgCl2 solution during F-T. Left to
right: 10%, 5%, and 0% silica fumes [23]; sample on right with no
silica fume lost some aggregates during F-T.

(a)

(b)

Figure 11: Crack developing out of a saturated ITZ. (a) Schematic
sketch of the theory. (b) Laboratory observation supporting the
theory.
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(iii) Oxychloride compounds are formed in the paste
around and near the aggregate particles.

(iv) *e paste expands, setting up tensile stresses and so
cracking in the ITZ. Any dissolution of the ITZ will
accelerate this damage.

(v) Cracks are propagated under traffic through the
paste to the top surface, typically parallel to and
about 1.9 to 2.5 cm from the sawn face. Aggregates
are either removed and left, paste free, loose in the
joint, or remained in the concrete, projecting into
the joint.

5. Conclusion

Joint deterioration in sawn pavements has been found in
many cold regions of the United States. *e major mech-
anisms by which concrete joints may deteriorate include (1)
freezing-thawing (F-T) damage, (2) salt crystallization, and
(3) oxychloride expansion. *e interfacial transition zone
(ITZ) between cement paste and aggregate permits more salt
solution to penetrate around aggregate particles and po-
tentially accelerates the joint deterioration.

By reviewing the previous work and testing samples
subjected to soaking and F-T cycles, a mechanism has been
described that explains the observed formation of so-called
incremental cracks at joints. Solutions containing magne-
sium and calcium chloride appear to be penetrating the
exposed ITZ around coarse aggregate particles in non-
draining joints (Figure 11). *e solution is reacting with
hydrated cement paste to form oxychloride compounds near
the aggregate particles. *e paste expands, separating from
the aggregates and causing cracks to propagate to the surface
under traffic.
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Asphalt pavement has been widely used in the world. As themain components of asphalt pavement, the asphalt binder is crucial to
the service performance and life of the road. In the past decades, numerous studies were conducted on technical performance,
aging, andmodification of the asphalt binder.With the development of modern technology, it was discovered that themicroscopic
properties, aging mechanism, and modification mechanism of the asphalt binder affect the macroscopic performance of asphalt
pavement significantly. As a new emerging powerful numerical tool, themolecular dynamics (MD) simulation has been developed
to study the asphalt binder material from a micro perspective. Based on the previous studies, some average asphalt binder models,
fractional asphalt binder models, aged asphalt binder models, and modifier models were proposed by many researchers, which
have made remarkable progress in asphalt studies; the microproperties, aging mechanism, and modification mechanism of the
asphalt binder can also be analyzed using the MD simulation. Overall, the state-of-the-art review provides a comprehensive view
for the readers to better understand the development, establishment, and application of the asphalt molecular model.

1. Background and Introduction

With the rapid development of modern transportation in the
world, the asphalt pavement structure has become one of the
most preferred structures of highways due to its advantages
for comfortable driving and fast traffic opening [1]. Since the
asphalt binder is the main bonding material for the road, its
properties are crucial to the service performance and service
life of the pavement, that is, the quality of the pavement in
service life depends largely on the quality of the asphalt
binder [2, 3]. So far, many scholars have studied the tech-
nical performance of asphalt [4–20], including aging re-
sistance [21–25], adhesion property [26–28] self-healing
behavior [29–32], fatigue-resistance performance [33–39],

modified improvement [40–47], and so on. However, most
of these investigations are based on the macroscale exper-
iments including the penetration test, ductility test, soft-
ening point test, DSR, and BBR. In a recent investigation on
asphalt microproperties, it was discovered that the micro-
scopic properties of asphalt significantly affect the macro-
scopic properties. Because the asphalt microproperties have
a strong relationship with the chemical composition, which
is considered to be the main reason for its microscopic
properties, it has attracted the attention of many scholars.
Since the asphalt binder itself is a by-product of the petrol
industry, there exists more than a million chemical com-
positions in the asphalt binder. .erefore, it is necessary to
simplify and separate the asphalt binder into a few fractions
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for the basic investigation. .e mainstream method separates
the asphalt binder into aliphatics, naphthene aromatics, polar
aromatics, and asphaltenes according to different polarities
created by Corbett [48]. With this method, the chemical
properties of each fraction can be studied, and some chemical
structures are proposed to explain the mechanism of prop-
erties of the asphalt binder at a molecular scale.

However, the chemical composition separation can only
study the asphalt binder from static state and cannot dy-
namically describe the chemical structure, whereas a mo-
lecular dynamics (MD) simulation can reflect the
thermodynamic behaviors of asphalt molecules and has
therefore been developed. .e MD simulation was firstly
employed in biology in terms of protein molecules and
nutrition; then it was developed by the field of petroleum to
study the properties of petroleum; later, in the asphalt in-
dustry, the MD simulation was also developed to solve many
problems at microscale [49, 50]. Greenfield has made sig-
nificant contributions in this area [51–53]. .e research
progress is shown in Figure 1.

MD simulation is conducted at microscale to analyze the
main physical andmechanical properties of the asphalt binder
based on the molecular interaction and local dynamics of
particles. Some research studies in terms of MD application
were investigated by us: the effect of wasting cooking oil on
the macro- and microproperties of the asphalt binder,
nanocracking under external loading conditions in the asphalt
binder, and hardening effect on asphalt binder during the
aging process as well as the effect of paraffin on the micro-
properties of the asphalt binder [49, 54–58]. In this study, we
would like to describe the development status and some
applications of this technology; some specific research of
asphalt binder models is also described in this paper. .e
main properties of the binder including density, glass tran-
sition temperature, diffusion coefficient, adhesion, self-
healing behavior, and so on can be calculated. .e objec-
tive of this paper is to introduce the state-of-the-art research
process on the molecular models of the asphalt binder, as well
as the applications of MD simulation, based on which further
research on the asphalt microscopic properties investigation
atmicroscale is expected to be conducted. A schematic view of
the MD simulation in the asphalt binder is shown in Figure 2.

2. Chemistry and Structure of Asphalt Binder
and Fractions

2.1. Asphalt Binder Molecular Structure. To investigate the
asphalt binder from a microscopic perspective, Jennings et
al. [59] built eight average molecular structures for the core
asphalt binders in the Strategic Highway Research Program
(SHRP) (Figure 3). .e physical properties of those core
asphalt binders have been investigated by Pauli et al. [60],
and an alicyclic sheet molecule was recommended to rep-
resent the asphalt binder. Based on their research results, the
physical properties of those real asphalts were studied by the
corresponding average models.

However, the asphalt binder consists of millions of kinds
of original components [61]. To study the components in the
asphalt binder in depth, the asphalt binder was separated

into aliphatics, naphthene aromatics, polar aromatics, and
asphaltenes according to the Corbett method [48], which is
a mainstream method in the field of crude oil. .e four
fractions have their own unique properties.

2.2. Chemical Composition. Based on previous research, the
chemical structure of each fraction in the asphalt binder was
investigated, and then reasonable microscopic structures for
different asphalt binders were created to represent the as-
phalt binder accurately.

2.2.1. Aliphatics. At room temperature, aliphatics form
a light-coloured liquid [48]. By means of the Fourier
transform infrared spectroscopy (FTIR), it is known that
there are different kinds of branching structures and some
aliphatic chains in the aliphatics structure, almost all atoms
and aromatic rings are nonpolar, and the average molar
mass of aliphatics is 600 g/mol approximately [62].

.e aliphatics is the fraction with the least polarity, and
compared with the other fractions, the chemical properties
of aliphatics is the most stable [63, 64]; oxidation or de-
hydrogenation reactions are difficult to carry out [65] be-
cause there is only a few polar atoms or aromatic rings on
aliphatics [62]. In terms of chemical structure, n-docosane
(n-C22H46) was chosen as a representative aliphatics by
Kowalewski et al. [66]. Later, an aliphatic structure squalane
was obtained from animal sources and plant; it can also be
found in petroleum [67, 68]. In addition, another aliphatic
structure hopane was derived from crude oils and bio-
degraded oil shales commonly, which were constituents of
bacterial cell membranes [69]. .ese typical molecular
structures for aliphatics are shown in Figure 4.

2.2.2. Naphthene Aromatics. At room temperature, naph-
thene aromatics are liquid with the colour yellow to red [48].
Compared with the aliphatics, naphthene aromatics behave
more viscous at the room temperature. .ere are very few
aliphatics with lightly condensed aromatic rings on their
carbon skeleton, and the average molar mass of the fraction is
about 800 g/mol [62]. In addition, previous research demon-
strates that some naphthene aromatics have negative impacts
on human health, such as impaired lung function in asthmatics,
and is even the cause of cancer in laboratory animals [70].

.e glass transition temperature (Tg) of naphthene ar-
omatics is around −20°C, which is consistent with that of the
bitumen parent; hence, at the same temperature, naphthene
aromatics have a higher viscosity than the aliphatics due to
its Tg [71, 72].

Some aromatic, naphthenic, and paraffinic compounds are
in naphthene aromatics component [73]. 1,7-Dimethylnaph-
thalene was selected to represent naphthene aromatics [74].
.e alkane/aromatic ratio of 1,7-dimethylnaphthalene is 16.7 :
83.3, which is different from the overall 58 : 42 balance [74].
.ere are some side chains and aromatic rings on the 1,7-
dimethylnaphthalene, the number of which can make 1,7-
dimethylnaphthalene intermediate between aliphatics and
asphaltenes. Later, another structure of naphthene aromatics
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called perhydrophenanthrene-naphthalene (PHPN) was pro-
posed by Lira-Galeana and Hammami, which contained ar-
omatic rings joined with naphthenic rings [75]. Simanzhenkov
and Idem found that dioctyl-cyclohexane-naphthalene
(DOCHN) can represent an average naphthene aromatic
structure by means of n-d-M method; the DOCHN structure
was consistent with the mass ratio of carbons on aromatics,
naphthenes, and paraffins in crude oils, and its rationality was
validated using some parameters, such as the measurements
of refractive index, density, and molecular weight of the
fraction [76]. So, naphthene aromatics can be represented by
three kinds of molecular structures, which are shown in
Figure 5.

2.2.3. Polar Aromatics. Polar aromatics form black-coloured
solid at normal temperature [48], themolarmass of them is less
than asphaltenes, but their composition is close [77]. .e glass
transition temperature of polar aromatics is still not confirmed
[71, 72]..e typical structure of polar aromatics contains fused
aromatic rings with 2–4 fused rings [62]. .ey are important
for the stability of asphalt binder, because in asphalt binder,
polar aromatics are a stabilizer for the asphaltenes [78].

Koots and Speight found that the composition of polar
aromatics and asphaltenes were similar [77]. Pieri found that
the polarity of polar aromatics could be larger than that of
asphaltenes sometimes, although having less condensed aro-
matic rings [62]. Average polar aromatics molecule structures
were built by Murgich et al. to analyze molecular recognition
[79]. .ese structures derived from fresh water lacustrine
source rocks were identified by Oldenburg et al. by means of
gas chromatography-mass spectrometry (GC-MS) [69].
Koopmans et al. studied the alkylsulfide fraction of sedi-
mentary rock samples and extracted a polar aromatics com-
ponent thio-isorenieratane by means of gas chromatography

(GC) [80]; later, they identified another polar aromatics
component trimethylbenzene-oxane in shale rocks using GC
[81]. .en, benzobisbenzothiophene was identified in organic
extractions from sedimentary rocks using GC-MC methods.
Lira-Galeana and Hammami [75, 82] built average polar ar-
omatics molecule structures containing two organic groups
connected by sulfur elements. .ese typical molecular
structures for polar aromatics are shown in Figure 6.

2.2.4. Asphaltenes. At room temperature, fraction asphal-
tenes are black powder [48]. .ey do not have any thermal
transition up to 200°C [71]. Asphaltenes are defined as the
fraction which is an insoluble part in n-heptane but soluble
in toluene [84]. So a colloid model was proposed for the
asphalt binder, in which asphaltenes are covered with polar
aromatics and suspended in naphthene aromatics and an
aliphatic medium [85]. .e asphaltenes are crucial for the
technical properties of the asphalt binder, so they are by far
the most studied fraction in asphalt binders [86]. .eir
average molar mass is about 800–3500 g/mol [87, 88].
Furthermore, Van Hamme et al. found that there were many
aromatic rings and aggregates in hydrocarbon solvents in
asphaltenes [89]. Brandt et al. predicted that asphaltenes
could stack in some solvents using thermodynamic mod-
eling, and the maximum number of aggregated asphaltenes
molecules was five [90].

Pacheco-Sánchez et al. found that the number of
asphaltenes aggregation decreased as temperature increased
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Figure 1: Asphalt research from macrolevel to microlevel.
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Figure 2: Schematic view of MD simulation in asphalt binder.
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(a) (b)

(c) (d)

(e) (f )

(g) (h)

Figure 3: Average molecule for each of the SHRP binders [59]: (a) AAA-1, (b) AAB-1, (c)AAC-1, (d) AAD-1, (e) AAF-1, (f ) AAG-1, (g)
AAK-1, and (h) AAM-1.
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[91] and mostly the characteristics of crude oil determine the
aggregate orientation [92]. Yen et al. investigated the structure
of asphaltenes and found that the interlayer distance between
aggregated asphaltenes molecules was 3.5–3.8 Å using X-ray
diffraction (1 Å� 10−1 nm) [93].

Murgich et al. built an average chemical molecule
structure for asphaltenes to investigate the mechanism of
asphaltenes aggregation [79]. Artok et al. built several
asphaltenes chemical structures containing a moderate-size
aromatic core with small branches based on experimental
data [94]. Groenzin and Mullins [95] recommended more
models with smaller aromatic core and much longer alkane
side branches for asphaltene structures by means of fluo-
rescence measurements.

Yen assumed that the asphaltenes were composed of
extensive condensation of aromatic rings [96]. Afterwards,
Groenzin and Mullins proposed a kind of this structure with
lower molecular molar weight based on spectroscopic
studies. Compared with the structures proposed earlier [56],

this molecular structure was closer to the true asphaltenes.
Siskin et al. investigated different asphaltenes from different
production areas and their chemical properties and then
proposed six average molecular structures for asphaltenes
[97]. Some typical asphaltene models are shown in Figure 7.

3. Molecular Model

3.1. Creation of Fractional Asphalt Binder Model. Based on
the chemical structures of each fraction, some chemical
models of the asphalt binder are proposed.

3.1.1. 6ree-Component Asphalt Binder Model. In the field
of asphalt binder materials, two asphalt binder models were
created by Zhang and Greenfield to investigate the prop-
erties of asphalt binders [100–102], one of which contained 5
asphaltenes proposed by Artok et al. [94], 27 1,7-dime-
thylnaphthalene, and 41 n-C22 molecules, and the other of
which consisted of 5 asphaltenes proposed by Groenzin and

(a) (b) (c)

Figure 5: Typical molecular structures for naphthene aromatics [37, 38].

(a) (b)

(c)

Figure 4: Typical molecular structures for aliphatics [33–35].
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Mullins [95], 30 1,7-dimethylnaphthalene, and 45 n-C22
molecules. .e two asphalt binder models consist of 21%
asphaltenes and 59–60% aliphatics, which is consistent with
the content of the total C/H ratio reported for a real asphalt
[74, 103].

.ese asphalt binder models have been used in some
research: the effect of fractions on the micromechanical
behaviors of the asphalt binder [49], the influence of SBS
modifier onmolecular agglomeration behavior of the asphalt
binder using the radial distribution function data [104], the
micromechanism of self-healing behavior of the asphalt
binder using the morphology of the molecules in the asphalt
binder [105], and the interactive response between the as-
phalt binder and different aggregate [106].

.ese asphalt binder models were the first molecular
model for the asphalt binder, which helped researchers solve
a lot of mechanism problems from a micro perspective, and
the models had landmark meaning. However, only three
fractions exist in the model; there are possibilities for
improvement.

3.1.2. Twelve-Component Asphalt Binder Model. With the
development of molecular simulation technology, more
accurate asphalt binder models were established. Li and
Greenfield [99] created three kinds of asphalt binder systems
(AAA-1, AAK-1, and AAM-1) with 12 chemical compo-
nents according to the ratio of the four fractions, mass
percentage of element of carbon, hydrogen, oxygen, nitrogen
and sulfur, atomic H/C ratio, and aromatic and aliphatic
percentage of carbon and hydrogen, and they are the widely
used asphalt binder models. Compared with the previous
asphalt binder models, these models with 12 components are
more reasonable and closer to the nature of the real asphalt
binder. .e only disadvantage is that these models cannot
represent the other kinds of asphalt binder.

.e twelve-component asphalt binder model was used
for some scientific issue: the cohesive and adhesive prop-
erties of asphalt binder, including the adhesion between
asphalt binder and aggregate; the influence of moisture on
their adhesive property [107]; the mechanical performance
and modified modification of the asphalt binder with

(a) (b)

(c) (d)

(e) (f )

Figure 6: Typical molecular structures for polar aromatics [35, 40, 42, 43, 83].
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different waste cooking oil contents [57]; and the oxidative
aging effect of asphalt binder, including the influence of
aging on the self-healing behavior and moisture damage
behavior of asphalt [108].

3.1.3. Aged Asphalt Binder Model. Based on the asphalt
binder models mentioned above, some aged asphalt binder
models were proposed. Generally, the aged asphalt binder
model can be divided into two ways to characterize it. .e
first approach is to adjust the proportion of asphaltenes
structures [109], which is consistent with the increases of
asphaltenes content after aging. However, it is not taken into
account that some oxidation reaction occurs during the
aging procedure. So another approach has been proposed by
Yao et al. [110] and Xu and Wang [108]. Yao added a car-
boxylic acid group on the asphaltenes molecule to represent
aged asphaltenes. Xu and Wang added some oxygen atoms
on the asphaltenes, naphthene aromatics, and polar aro-
matics molecular structures, and the molecular structure of
aliphatics remained unchanged, because the content of polar
atoms and aromatic rings was too small [108].

3.2.CreationofModifierModel. In recent years, the modified
asphalt binder has been used widely in the pavement area
due to its excellent technical performance. So it is necessary
to investigate the modifier for the asphalt binder.

3.2.1. Polymer. Currently, the simulated modifier in the
asphalt binder is SBS, graphene, and carbon nanotubes. Ding
et al. studied two kinds of SBSmodifiers in the asphalt binder
and based on the radial distribution function (RDF) data to
analyze the impact of these two kinds of SBS on the mo-
lecular agglomeration state of asphalt binders [104].

Zhang and Greenfield [101] investigated the effects of
polystyrene modification on properties and the micro-
structure of asphalt system models because polystyrene is
part of the common modifier SBS.

3.2.2. Graphene and Carbon Nanotubes. Yao et al. compared
the two models of the asphalt binder with exfoliated graphite
nanoplatelets (xGNP) and control asphalt binder by means
of MD simulation to study the physical and thermal
properties of the xGNP-modified asphalt binder [110].

A comparative study was employed to study the effects of
graphene and carbon nanotubes (CNTs) on the mechanical
and thermal properties of the asphalt binder using molecular
simulations, and in experiments by Zhou et al. they found
that the excess graphene in modified asphalt remained as
aggregated particles, while most carbon nanotubes were
dispersed in modified asphalt [111].

3.2.3. Rejuvenator. .e effect of different rejuvenators on
recycled asphalt mixtures was investigated using MD sim-
ulation by Ding et al. [109], and they found that the in-
terdiffusion rate between asphalt binders at different aging
stages could be accelerated to the maximum rate when

adding a rejuvenator into the aged binder, which can im-
prove the efficiency of recycling.

Xiao et al. investigated the diffusion behavior of two
different rejuvenators in an aged asphalt binder at the
molecular scale. Meanwhile, dynamic shear rheometer
(DSR) was employed to determine the recovery influence of
aged bitumen resulting from rejuvenators [112]. .e test
results validated the accuracy of the model simulation results
and indicated that the aging state of asphalt binders greatly
influenced the rejuvenating effect [113].

Some typical molecular structures for modifier are
shown in Figure 8.

4. Applications

4.1. Nanocracking Behavior. Fatigue damage is the main
distress in asphalt pavement; it influences the fatigue life of
pavement significantly [114–119], and the fatigue damage
gradually generates with the appearance and development of
macro- and microcracks under the loading of vehicle and
temperature [120]. In order to study the fundamental asphalt
binder material properties for the crack, a pair of big
enough-opposing forces is applied on the molecular
boundaries, then the molecules are pulled by an external
force, and a crack appearance can be observed. .e stress
state of the molecules in an asphalt binder model can be
observed with theMD simulation; in addition, the process of
molecules being pulled apart can also be observed by some
visual software. Hou et al. studied the initiation and
propagation of crack in asphalt binder applying tension
force on the molecular boundaries, and they found that the
natural distribution of atoms at microscale would affect the
intrinsic defects and further influence initiation and prop-
agation of crack in the asphalt binder [58]. Nishimura and
Miyazaki have used the MD simulation of a-Fe to investigate
the mechanical behaviors under cyclic loading from a micro
perspective. .ey made a crack on the boundary of a 2D
material, then cyclic loading was applied to the system 12
times, and generation of several vacancies around the crack
tip and the crack propagation under cyclic loading were
observed [121]. Shang and Kitamura studied the onset of
fracture at the free edges of bimaterial interfaces; crack
initiation at interface edge models with different contact
angle were created to clarify the relationship between crack
initiation, contact angle, and maximum stresses [122]. .is
investigation is meaningful for the research of adhesion
between the aggregate and asphalt binder.

4.2. Tire-Aggregate Friction. .e tire-pavement friction is
a complicated mechanism affected by a variety of factors
composed of tire type, pavement surface macrotexture and
microtexture, wet and dry conditions, and vehicle speed.
Adhesion and hysteresis are primary frictional force com-
ponents for tire-pavement friction, which are critical to
roadway safety. Many numerical approaches have been used
to analyze the pavement friction including the finite element
method [123–125], discrete element method [126, 127], and
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boundary element method [128, 129], at macro-, micro-, and
nanoscales. Most of the previous studies on the mechanisms
focus on the macro friction behavior based on continuum
mechanics. However, the traditional friction analysis cannot
reveal the mechanism of tire friction on pavement fully at
macro scale.

Recently, some studies have been conducted on the tire
friction behavior on pavement at nanoscale [130]. .e
molecular dynamics method was used to simulate the
friction process between the diamond matrix and amor-
phous carbon probes by Mo et al. [131]. Grierson et al. used
the atomic force microscope (AFM) test to study the

(a) (b)

(c) (d)

(e) (f )

Figure 7: Typical molecular structures for asphaltenes [94, 95, 98, 99].
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adhesion and friction properties at nanoscale [132]. It is
found that the friction force has a linear relationship with
contact area at the nanoscale. .e friction force changes
from nonlinear to linear with the decrease of the adhesion
between the contacting surfaces [133, 134]. .e tribometer,
a sophisticated device, is used to clarify the friction co-
efficient (μT) from the nano-, micro-, and macroscopic
texture of a surface [112]. Hou et al. applied the MD sim-
ulation to study the microscopic friction of tire on the as-
phalt pavement, where the MD simulation was conducted
under different environments [135]..ere are still someMD
simulations about the friction proposed for the other ma-
terial, and these MD simulations are meaningful to review,
because these studies can provide some new methodologies
for the tire-pavement friction in terms of MD simulation.
For example, Shimizu et al. created two molecular models to
represent the slider of AFM and specimen, and the friction
during the test and the major influencing factors were in-
vestigated using MD simulation combining the constitutive
model [136].

5. Conclusion

.e above review explains that the microscale properties of
the asphalt binder significantly affect the macroscale
properties with the fast development of technology. .e
chemical properties of each fraction are therefore studied,
and some chemical structures are proposed to study the
mechanism of properties of the asphalt binder at molecular
scale. Later, the molecular dynamics (MD) simulation was
developed because the MD simulation can reflect the

thermodynamics behaviors of asphalt molecules in a dy-
namic process. MD simulation is a kind of an effective
research tool that explores the properties of asphalt binder
material from a microscopic perspective.

Using the molecular structure of the asphalt binder and
aggregate, the interaction energy between them can be
characterized. It is known that the aggregate mineral in-
fluences the work of adhesion obviously. It is also employed
to explore the influence of water on the adhesion behavior
from a micro perspective; some research shows that the
interface between the asphalt binder and calcite is suscep-
tible due to moisture damage at small moisture content.

.e model of aged the asphalt binder is created by
changing the ratio of each fraction, adding some functional
groups, or adding some oxygen elements. .en the asphalt
binder is studied before and after aging at a molecular scale
based on the aged asphalt binder model; meanwhile, the
aging mechanism can be also investigated. Based on some
microstudy on aging of the asphalt binder, it is seen that
there are two reasons for the decrease of molecular diffusion
of aged asphalt: on the one hand, the molecular size of
asphaltene, resin, and aromatic decreases; on the other hand,
free volume space for saturate reduces.

In terms of mechanism of crack, applying some tension
on different asphalt binder models, it is found that the atoms
distribution at microscale would influence the intrinsic
defects of the asphalt binder, and the crack initiation and
propagation would be further affected in the asphalt binder.

.e modifier is also an important research region of the
asphalt MD simulation. .e influence law of different
modifiers on physical parameters, such as the density and

(a) (b)

(c) (d)

Figure 8: Typical molecular structures for modifier [104, 109–111]: (a) SBS, (b) CNT, (c) graphene, and (d) rejuvenator.
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glass transition temperature of the asphalt binder can be
investigated, and the modification characteristics of different
modifiers on asphalt performance and their respective
modification mechanisms can be further researched. In
terms of rejuvenator, its diffusion behavior in the asphalt
binders at different aging states can be studied to guide the
use of regenerative agents.

As the supercomputer can be used in the future, the
model size and the time scale would be increased obviously.
In this case, the simulation process will be closer to the
macro test, and the simulation result will be closer to the test
results.
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[125] Y. C. Yen, J. Söhner, B. Lilly, and T. Altan, “Estimation of
tool wear in orthogonal cutting using the finite element
analysis,” Journal of Materials Processing Technology,
vol. 146, no. 1, pp. 82–91, 2004.

[126] N. Fillot, I. Iordanoff, and Y. Berthier, “A granular dynamic
model for the degradation of material,” Journal of Tribology,
vol. 126, no. 3, pp. 606–614, 2003.

[127] D. Y. Li, K. Elalem, M. J. Anderson, and S. Chiovelli, “A
microscale dynamical model for wear simulation,” Wear,
vol. 225, no. 4, pp. 380–386, 1999.

[128] G. K. Sfantos and M. H. Aliabadi, “Application of BEM and
optimization technique to wear problems,” International
Journal of Solids and Structures, vol. 43, no. 11, pp. 3626–
3642, 2006.
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Sustainable pavements are pavements that meet the requirements of present generation without influencing the capability of the
future generation to meet their needs. One of the problems of the warmmix asphalt is that it has low resistance to moisture damage;
therefore, the aim of this research paper is to study the possibility of producing more durable warm mixes against the moisture
damage with the use of recycled concrete aggregate (RCA) which has not been studied before. Six replacement rates (0, 20, 40, 60, 80,
and 100%) for the coarse version aggregate (VA) with RCAwere studied.,eMarshall mix designmethod was used to determine the
optimum asphalt cement content for each replacement rate. ,ereafter, specimens with the optimum asphalt cement content were
prepared and tested in the indirect tension test to evaluate theirmoisture susceptibility.,e results revealed that themixes with higher
percentage of RCA possess higher optimum asphalt content. Moreover, an improvement of 13 and 28% in Marshall stability and
tensile strength ratio (TSR), respectively, was obtained in case that the VA was entirely replaced by the RCA.

1. Introduction and Background

Recently, the increase of construction prices coupled with the
increase of the environmental regulations and awareness has
driven a strong movement toward the adoption of sustainable
technology in various construction projects including the
asphalt concrete pavement. ,e sustainable pavement is the
pavements that meet the requirements of the present gener-
ation without influencing the capability of the future gener-
ation to meet their needs. Examples of sustainable pavement
include warmmix asphalt mixtures, mixes containing recycled
products, andmixes containingwaste products.,ewarmmix
asphalt mixes are mixtures which could be produced and
compacted approximately 15–40°C lower than that of hot mix
asphalt (HMA) mixtures depending on the type of additives
adopted to produce the warm mix [1].

Globally, the amount of construction and demolition
waste generated each year has been estimated to be 1183
million tonnes [2]. In Iraq, annually, the generated waste
solid is approximately 144 thousand tonnes and 68% of
them is the construction and demolition waste. ,e con-
crete is the most significant component in the construction

and demolition waste.,emanagement of these huge waste
quantities is considered as a serious challenge due to the
landfill shortage and transport costs. ,is leads to the
introduction of the RCA concrete aggregate as an alter-
native sustainable material for asphalt mixes. Many re-
search studies have performed to examine and evaluate the
use of RCA in hot mix asphalt.

Wong et al. [3] studied the substitution of the granite
filler/fines by the RCA in hot mix asphalt (HMA), and the
mixes with percent of RCA satisfied the Marshal mix design
criteria. ,ey found that the higher percent of replaced RCA
revealed a greater stiffness and rutting resistance. Mills-Beale
and You [4] studied the behavior of hot mix asphalt (HMA)
containing RCA based on the superpave mix design method.
,ey concluded that the voids in mineral aggregates (VMA)
and voids filled in asphalt (VFA) were decreased as the
percent of RCA was increased in the mix.

A study has been performed to evaluate RCA as a hot mix
aggregate by Bhusal and Wen [5] as a sustainable material in
which six different percentages of RCA were used. Test results
indicated that the optimum asphalt ratio increases due to the
high absorption of RCA and a reduction in other properties of
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hot mixes (modulus, resistance to rutting, fatigue, thermal
cracking, and resistance to moisture damage).

Rafi et al. [6] conducted a study to evaluate the results
obtained from the use of RCA aggregate in hot asphalt
mixtures as compared with reference mixtures made with
RCA using the Marshall method. ,eir test results
showed that the specific gravity, air voids, and voids in
mixes made by adding RCA were less than the reference
mixes, and the ratio of stability/flow remained similar for
all the mixes.

Motter et al. [7] evaluated the use of fractions of RCA
that were obtained from 30MPa compressive strength
concrete in hot mix asphalt instead of natural aggregate
coarse with different ratios of replacement (0, 25, 50, 75, and
100%). Test results for permanent deformation and dura-
bility by the moisture-induced damage test were studied
according to the Marshall mix design method. Test results
indicated that it is possible to use RCA as an asphalt concrete
surface layer on low-volume roads in spite of high ab-
sorption, higher Los Angeles abrasion, and lower density for
RCA rather than the crushed stone aggregates.

Al-Bayati et al. [8] studied the effect of RCA on the
volumetric properties of HMA in which different mix de-
signs of the HMA mixture was performed for RCA with
different percentage ratios of replacing and treatment
methods. Test results showed that the treatment method is
more successful for developing the physical properties of
RCA.,e replacement of natural aggregate by RCA concrete
aggregate increases the optimum asphalt content for the
mixtures, and the voids in mineral aggregates (VMA) is
decreased. ,e use of treated RCA with 30% leads to an
improvement in VMA and a little increase in void filled with
asphalt VFA as compared with the same percent of untreated
RCA. It was seen in general the treated RCA seems to have
better performance than untreated RCA properties.

Perez et al. [9] studied the availability of using RCA in
HMA. Two asphalt mixes of 50% containing RCA with
additional two reference mixtures without recycled aggre-
gate were prepared. It was observed that the mixtures with
RCA had high water absorption level which results in open
graded and had considerable potential for stripping,
a characteristic and higher dynamic modulus. Also, a de-
terioration of the fatigue law was indicated as compared with

the reference mixtures. ,ey concluded that it was possible
to use RCA in the design of flexible pavements for roads with
medium to low volume of traffic, and more research is
required to cover the use of asphalt mixtures with different
types of RCA. ,e aim of this paper is to establish the use
and study the performance of RCA in warm mix asphalt
aiming at more sustainable paving products.

2. Materials

,e raw materials which shall be used in the preparation of
warm asphalt concrete mixtures for this study, namely, asphalt
cement, aggregate, and mineral filler, were characterized using
routine type of tests, and the results were compared with
specification requirement to evaluate their suitability for jobmix.

2.1.AsphaltCement. ,e asphalt cement which was supplied
from the Doura refinery (south-west of Baghdad) was tested
as per the Superpave performance grade requirement, and
the results are shown in Table 1. It is obvious from the results
that the asphalt cement has a performance grade of PG 64-
16. Photographs for the tests are shown in Figure 1.

2.2. Aggregate. Two types of coarse aggregates were used in
the preparation of asphalt concrete mixtures (VA and RCA).
,e VA was crushed quartz obtained from the Al-Nibaie
quarry (north of Baghdad) whereas the RCA was supplied
from the concrete recycling factory in Alrathwanya district
(near Baghdad International Airport); this type of aggregate
was originally obtained from crushing of Texas T-wall barriers
(Figure 2) with a design compressive strength of 30MPa. ,e
properties of the VA and RCA aggregate are shown in Table 2
which also presents the version fine aggregate test results. ,e
coarse and fine aggregates used in this work were sieved and
recombined in the proper proportions to meet the wearing
course gradation as required by Iraqi standard specification
(State Corporation for Roads and Bridges (SCRB)) [10]. ,e
gradation curve for the aggregate is presented in Figure 3.

2.3. Filler. Limestone dust was used as the mineral filler
for the preparation of warm mix asphalt concrete mixtures.

Table 1: Physical properties of asphalt cement based on performance grade.

Binder Parameters Temperature
measured

Measured
parameters

Specification requirements, AASHTO M320-
05

Original

Flash point (°C) — 298 230°C, min
Viscosity at 135°C (Pa s) — 0.487 3 Pa s, max

DSR, G/sin δ at 10 rad/s (kPa)
58 3.3522

1.00 kPa, min64 2.020
70 0.889

RTFO
aged

Mass loss (%) — 0.654 1%, max

DSR, G/sin δ at 10 rad/s (kPa)
58 4.1596

2.2 kPa, min64 3.1483
70 1.9809

PAV aged DSR, G/sin δ at 10 rad/s (kPa) 28 4684 5000 kPa, max25 6477
BBR, creep stiffness (MPa) −6 134.0 300MPa, max
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,e chemical and physical properties of the limestone dust
are presented in Table 3.

2.4.Aspha-min. Aspha-min powder (shown in Figure 4) was
used as an additive for the production of WMA; it is sodium

aluminosilicate hydrothermally crystallized into fine pow-
der. Aspha-min (containing approximately 21% water by
weight) was added at a rate of 0.3% (by the weight of total
mix) to the heated aggregate blend. ,e physical and
chemical properties of the Aspha-min are presented in
Table 4.

(a) (b) (c)

Figure 1: Photograph for asphalt cement PG test.

(a) (b)

Figure 2: Texas T-wall before and after crushing.

Table 2: Physical properties of aggregates.

Property ASTM designation
Test results

SCRB specification
VA RCA

Coarse aggregate
1. Bulk specific gravity C-127 2.632 2.331 —
2. Apparent specific gravity 2.636 2.501 —
3. Water absorption (%) 0.261 2.91 —
4. Percent wear by Los Angeles abrasion (%) C-131 18 28 30 max
5. Soundness loss by sodium sulfate solution (%) C-88 4.3 6.1 12 max
6. Fractured pieces (%) D5821 97 100 90 min
Fine aggregate
1. Bulk specific gravity C-128 2.561 —
2. Apparent specific gravity 2.622 —
3. Water absorption (%) 0.809 —
4. Sand equivalent (%) D-2419 59 45 min
5. Clay lumps and friable particles (%) C142 1.2 3 max
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3. Experimental Work and
Specimen Preparation

Six replacement rates for the VAwith RCAwere investigated
during laboratory works, and they are 0, 20, 40, 60, 80, and
100%. ,e specimens were labeled as WRU followed by the
replacement percentage. ,e experimental work consists the
use of the Marshall mix design method (ASTM D6926) to
determine the optimum asphalt content for each re-
placement percentage. ,en, the optimum asphalt content
was used in the preparation of specimens for the indirect
tension test to evaluate the moisture susceptibility of the
warm mix asphalt.

According to the gradation requirements shown in
Figure 3, the various fractions of aggregate (retained on each
of the following sieve, 1/2, 3/8, no. 4, no. 8, no. 50, and no.
200) and the mineral filler were combined into a batch of
1150 gm on the mixing bowl and heated to a temperature of
120°C for 6 hours prior to mixing. Asphalt cement was also
heated in a container to a temperature of 155°C (for 2 hours)
which is corresponding to a viscosity of 170 cSt obtained from
the viscosity-temperature relationship shown in Figure 5.
Aspha-min was added to the heated aggregate with a rate of
0.3% (by the weight of total mix), the blend was thoroughly
mixed for approximately 30 seconds, and then the exact
amount of asphalt cement was poured to the mixing bowl and
the bowl contents were thoroughly mixed for two minutes.

,e mixing temperature was 125°C (30°C minus the HMA
concrete temperature, 155°C). To bring the mixture to the
compaction temperature 115°C (10°C minus mixing tem-
perature), the bowl with its content was transferred to an oven
and stored for 10minutes in 115°C. In this period, the
compaction mold (4 inches (101.6mm) in diameter and
3 inches (76.5mm) in height) which was preheated to 115°C is
prepared, and then the mixture was poured into the com-
paction mold. For the Marshal mix design method, the
compaction was achieved using 75 blows of the automatic
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Table 3: Properties of fillers.

Filler type
Chemical composition (%) Physical properties

CaO SiO2 Al2O3 MgO Fe2O3 SO3 L.O.I Specific gravity Surface
area∗ (m2/kg)

% passing
sieve no. 200 (0.075)

Limestone 29 10 6 16 1 0.12 37 2.84 247 95
∗Blain air permeability method (ASTM C204).

Figure 4: Aspha-min powder.
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Marshall compactor on each side of the specimen, whereas for
the indirect tension test purposes, according to the RCA re-
placement rate, different numbers of blows per each side (44
to 61) were used to produce specimens with target air voids of
7± 1%.

4. Results and Discussion

4.1. Marshall Mix Design. A complete mix design was
conducted using the Marshall method as outlined in Asphalt
Institute series no. 2 [11]. Based upon this method, the
optimum content for the asphalt cement is obtained by
averaging the three asphalt cement contents which yield the
maximum stability, maximum unit weight, and 4% air voids.

For each percentage of RCA, five Marshall specimens
were prepared starting from 4.4% with a constant increment
rate in asphalt cement content of 0.3%. But for RCA re-
placement rate of 80 and 100%, it was noted after plotting the
Marshall properties, the stability and bulk density of the
WRU specimens continuously increase as the asphalt ce-
ment content increases; therefore, further specimens were
prepared with extra asphalt cement content, 5.9% for WRU
80% and 5.9 as well as 6.2% for the WRU 100%.,e increase
in asphalt cement content was mainly because of the more
porosity of the RCA than the VA due to the cement hy-
dration reaction. SEM images were taken for the VA and
RCA particles to prove the higher porosity of RCA, and this
can be easily seen in Figure 6. ,e higher the porosity of the
aggregate particles, the higher the content of the asphalt
cement absorbed.,e extended specimens showed a bend in
stability as well as bulk density curves; hence, the optimum
content for asphalt cement was well defined.

,e variation of Marshall properties with asphalt ce-
ment contents for each RCA replacement rate is exhibited in
Figure 7. Examinations of the presented data suggest that the
WRU specimens with the RCA content beyond 20% acquire
higher asphalt cement content, stability peaks at 4.7% asphalt
cement content for the specimens with RCA content of 0 and
20%, whereas for the remaining replacement rates, the asphalt
cement content which yield the highest stability increased
0.3% for each 20% increase in the RCA content. ,is is at-
tributed mainly to the higher absorption property for the RCA
as compared to the VA (as shown previously in Table 2). ,is
finding is in agreement with Mills–Beale and You [4], Motter
et al. [7], and Al-Bayati et al. [8]. According to stability curves,
the results indicate that all the WRU specimens satisfy the
minimum stability requirements presented in the SCRB
specification of 8 kN. But an improvement of 13% was ob-
tained in case that the VA entirely replaced by RCA.,is could
be attributed to the rough surface texture of RCA as com-
pared to the VA.,e results are in agreement withWong et.
al. [3], Pérez et al. [9], and Zulkati et. al. [12]. Based on the
Marshall flow results, it is obvious that there is a tendency
to increase the mixture Marshall flow as the asphalt cement
content increases. However, at the asphalt cement content
which yields the peak stability value, it is possible to note
that the flow value for the WRU 100% was quite similar to
WRU 0%, and it was 3.02mm for the former and 3.05mm
for the latter. Also, as the asphalt cement content increases,

Table 4: Physical and chemical properties of WMA additive,
Aspha-min.

Property Result
Ingredients Na2O.Al2O3.2SiO2 (sodium aluminosilicate)
SiO2 32.8%
Al2O3 29.1%
Na2O 16.1%
LOI 21.2%

Physical state Granular powder
Color White
Odor Odorless

Specific gravity 2.03

100
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V
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 (c
 S

t)

Figure 5: Viscosity-temperature chart of PG 64-16.

(a)

(b)

Figure 6: SEM images of the aggregates. (a) VA; (b) RCA.
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the divergence in flow values becomes higher. All the flow
values that belong to peak stability value satisfy the re-
quirement for the SCRB specification flow requirement
(2–4mm). ,e flow value findings are in agreement with
Pérez et al. [13] and Rafi et al. [6]. Regarding the bulk
specific gravity results graphically shown in Figure 7, it is
obvious that there is a trend of increasing bulk specific
gravity as the asphalt cement content increases to a certain
point, beyond which further increase in asphalt cement
leads to reduction in the bulk specific gravity (Gmbulk).

Also, it could be observed that this relationship follows the
same trend of that between the RCA content and Marshall
stability. As the RCA replacement rate increases, the
Gmbulk of the specimens decreases. ,e peak value of
Gmbulk corresponding to WRU 100% (at 6.2% asphalt
cement content) was lower than that of WRU 0% (at 5.0%
asphalt cement content) by 5.45%. ,is could be attributed
to the lower density of the RCA grain as compared to the
VA (as presented in Table (2)). Comparable behavior that
agrees with this finding was obtained by Motter et al. [7],
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6 Advances in Civil Engineering



Rafi et al. [6], and Bhusal et al. [14]. ,e volumetric
property, air voids (AV), results revealed that there is
a trend of reduction in AV as the asphalt cement content
increases. Also, the mixes with higher RCA content possess
higher AV. At the asphalt contents which yield the peak
Gmbulk values, the AV for the WRU 100% was higher than
that of WRU 0% by approximately 10%. ,is was expected
since the RCA grains have higher absorption than that of the
VA. ,is finding is comparable with that obtained by Motter
et al. [7] and Rafi et al. [6]. Nevertheless, all the AV values for
the WRU mixes at the peak Gmbulk are within the range of
the SCRB specification requirement (3–5%). ,e voids in
mineral aggregate (VMA) results as presented in Figure (7)
showed that the mixes with VA have higher VMA values than
those containing RCA. ,e average VMA for the WRU 0%
over the entire asphalt cement content was 16.4 which is
higher than that ofWRU 100% by 17%.,e inspection for the
VMA expression which is given in (1) and reviewing the data
presented in Table (2) and Figures (3) and (7) revealed that the
rate of decrease in denominator is higher than that of the
numerator, ,erefore, it is possible to argue that the VMA
decreases as the percentage of RCA replacement increases.

VMA � 100−
Pa × Gmbulk

Gabulk
 , (1)

where Pa� aggregate percentage in mix (by mass),
Gmbulk� specimen bulk density, and Gabulk� aggregate
bulk density.

,e optimum asphalt cement content for theWRUmixes
with all the replacement rates which was calculated based on
averaging the three asphalt cement contents which yield the
maximum stability, maximumunit weight, and 4% air voids is
shown in Table 5. ,ese contents will be used for specimen
preparation for the moisture susceptibility evaluation.

4.2. Moisture Susceptibility. ,e adopted procedure to
evaluate the moisture susceptibility of WMA and HMA
specimens is ASTMD 4867. For each mix type, six specimens
were compacted; one subset of the specimens (three speci-
men) was tested at temperature of 25°C (unconditioned
specimens) in the indirect tension test, whereas the other
subset was subjected to one cycle of freezing and thawing
(16 hrs in −18± 2°C and then, 24 hrs in 60± 1°C) and then
tested the same as the first subset (conditioned specimens).
During the indirect tension test, the specimen is loaded along
the diameter and the splitting force is recorded (as shown in
Figure 8. ,e test parameters are calculated as follow:

ITS �
2P

πt D
,

TSR �
C.ITS
UC.ITS

,

(2)

where P� splitting load, t� specimen height (thickness),
D� specimen diameter, C.ITS� conditioned indirect tensile
stress, and UC.ITS� unconditioned indirect tensile stress.

Based on the results exhibited in Figures 9 and 10, it is
obvious that there is a distinct trend for the increase of tensile

strength (unconditioned) as the RCA replacement rate in-
creases.,e tensile strength for theWRU100%was higher than
that of WRU 0% by 36.8%. ,is increase in tensile strength is
mainly due to the surface texture of the aggregate, and this
impacts the bond between asphalt and aggregate particle. It is
clearly shown in Figure 11 that the failure occurs in the mastic
zone of the WRU 0% while it breaks the RCA particles in the
WRU 100% sample, which refers to a better bond.

It was observed that the WRU 100% specimen splitting
surface included broken RCA, whereas the WRU 0% failure
plane passes through the VA-asphalt cement interface; this
reflects the increase in tensile strength of the RCA over the
VA. Reminding that the minimum acceptable limit for the
TSR is 80%, the replacement of the entire coarse aggregate
with the RCA resulted in improvement of the TSR by 18%,
and this was the only case which satisfies the TSR minimum
limit. ,is finding was comparable with that obtained by
Motter et al. [7] and Paranavithana and Mohajerani [15].

5. Conclusions

According to the presented works in this research and within
the limitation of the test program and the materials used, the
following salient conclusions can be drawn:

Table 5: Optimum asphalt content for WRU mixes.

RCA (%) 0 20 40 60 80 100
Optimum asphalt content (%) 4.83 4.88 5.15 5.23 5.5 5.88

Figure 8: Indirect tension test for the WRU specimen.

Advances in Civil Engineering 7



(a) ,e use of different replacement rates for the RCA
has a significant influence on the Marshall mix
design properties, and some of the obtained results
can be summarized as follows:

(1) ,e mixes with higher percentage of RCA pos-
sess higher optimum asphalt content, the highest
optimum asphalt cement content (5.88%) be-
longs toWRU 100% indicating that for each 20%
increase in RCA replacement percent beyond the
20%, the asphalt cement demand increases by
0.2%.

(2) An improvement of 13% in Marshall stability was
obtained in case that the VA entirely replaced by
the RCA, theMarshall stability for theWRU 100%
was the highest (9.8 kN) in comparison with all
other RCA replacement values.

(3) At the peak stability, the Marshall flow value for
the WRU 100% was quite similar to WRU 0%,
and it was 3.02mm for the former and 3.05mm
for the latter.

(4) ,e air voids for the WRU 100% was higher than
that of WRU 0% by approximately 10% at the
peak Gmbulk, but both satisfied the specification
requirements (3–5%).

(b) ,e replacement of the entire coarse aggregate in
WRU mixes with the RCA resulted in improvement
of the TSR by 28%, and the moisture susceptibly was
for WRU 100% satisfied the TSR minimum limit
(80%). Also, the unconditioned tensile strength for
the WRU 100% was higher than that of WRU 0% by
36.8%.

(c) ,e use of RCA instead of VA has shown a signifi-
cant improvement in moisture susceptibility of
warm mix asphalt prepared using Aspha-min ad-
ditive and has added to the local knowledge the
possibility of producing more durable mixes against
the moisture damage mode of failure.

WRU 0%

(a)

WRU 100%

(b)

Figure 10: Tensile strength ratio results.
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Figure 11: WRU unconditioned specimens after the indirect
tension test. (a) WRU 0%; (b) WRU 100%.
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[13] I. Pérez, M. Toledano, J. Gallego, and J. Taibo, “Mechanical
properties of hot mix asphalt made with recycled aggregates
from reclaimed construction and demolition debris,” Mate-
riales de Construcción, vol. 57, no. 285, pp. 17–29, 2007.

[14] S. Bhusal, X. Li, and H. Wen, “Evaluation of effects of recycled
concrete aggregate on volumetrics of hot-mix asphalt,”
Transportation Research Record: Journal of the Transportation
Research Board, vol. 2205, pp. 36–39, 2011.

[15] S. Paranavithana and A. Mohajerani, “Effects of recycled
concrete aggregates on properties of asphalt concrete,” Re-
sources, Conservation and Recycling, vol. 48, no. 1, pp. 1–12,
2006.

Advances in Civil Engineering 9



Research Article
Investigation of Thermal Cooling Effectiveness of RRVCS for
Permafrost Protection under Wide Expressway Embankment

Tao Tang ,1 Tao Ma ,1 Xiaoming Huang ,1 Qiuming Xiao ,2 Hao Wang,3

and Guangji Xu1

1School of Transportation, Southeast University, Nanjing 210096, China
2School of Traffic and Transportation Engineering, Changsha University of Science and Technology, Changsha 410004, China
3Department of Civil and Environmental Engineering, Rutgers, 'e State University of New Jersey, Newark, NJ 08854, USA

Correspondence should be addressed to Tao Ma; matao@seu.edu.cn and Qiuming Xiao; xiaoxiaoyu69@sina.com

Received 4 March 2018; Accepted 28 May 2018; Published 19 July 2018

Academic Editor: Jinchang Wang

Copyright © 2018 Tao Tang et al. +is is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In order to improve the thermal stability of wide embankment for the Qinghai-Tibet Expressway (QTE) to be constructed in
permafrost zones on Qinghai-Tibet plateau, a new kind of reflective-resistant-ventilated coupling structure (RRVCS) was
proposed and designed. A numerical model was then developed through ABAQUS to investigate the influences of RRVCS on the
thermal regime of wide embankment. +e temperature field and thawing depth of normal wide embankment without protective
measures, wide embankment with crushed stone layer, and wide embankment with RRVCS were compared to verify the cooling
effectiveness of RRVCS based on numerical analysis. Vermiculite powder has great influences on the thermal property of asphalt
mixture, and it can be reduced by 22.8%, 29.5%, 37.3%, and 50.6% after the addition of 4%, 6%, 8%, and 10% vermiculite powder,
respectively. Under the same condition, the temperature of RRVCS embankment is the lowest and its thermal stability is the best.
Setting crushed stone layer can improve the thermal stability of embankment. However, the improvement is limited for wide
embankment with width exceeding 26m. RRVCS has the best protective effects on the thermal stability of wide embankment and
is recommended as a protective measure for wide embankment of expressway in permafrost regions of Qinghai-Tibet Plateau.

1. Introduction

As the first expressway connecting Tibet to other provinces in
China, theQinghai-Tibet Expressway (QTE)will be constructed
on the Qinghai-Tibet Plateau in accordance with the China
National Expressway Network Plan [1]. +e construction of
QTE is of great importance because it can eliminate traffic
bottlenecks in Tibetan areas and promote China’s social and
economic development. However, it is quite difficult to build
a high-quality expressway on the Qinghai-Tibet Plateau [2] due
to its extreme conditions such as high altitude, low air tem-
perature and pressure, and strong solar radiation [3]. Another
difficulty is that the building of QTE, like the existing Qinghai-
Tibet Highway (QTH), may have adverse effects on the fragile
ecosystem of the Qinghai-Tibet Plateau [4]. More importantly,
since QTE will pass through more than 500km of continuous
permafrost regions, a lot of technical barriers especially per-
mafrost degradation have to be addressed [5].

Permafrost is very sensitive to climate change, and its
strength decreases dramatically with rising temperature.
Based on meteorological data available, it was predicted that
air temperature over the Tibetan Plateau would increase 2.2°C
to 2.6°C in the coming fifty years [6]. Because of climate
warming and human activities, the permafrost in this area
could thaw and lose its bearing capacity, leading to active-
layer detachment failure, thaw subsidence, and failure of
many other geohazards [7]. To address these issues, much
effort has been exerted by researchers all over the world and
a number ofmeasures to cool down permafrost subgrade have
been devised, including crushed stone embankment, ther-
mosyphons, air-cooling ducts, awnings, insulating materials,
raising the embankment height, and combinations of these
methods [8–12]. While some are passive methods impeding
the heat transferred to the frozen soil, others are proactive
measures releasing the heat accumulated in permafrost em-
bankment. Generally, all these methods are effective in

Hindawi
Advances in Civil Engineering
Volume 2018, Article ID 2196459, 11 pages
https://doi.org/10.1155/2018/2196459

mailto:matao@seu.edu.cn
mailto:xiaoxiaoyu69@sina.com
http://orcid.org/0000-0002-2635-4005
http://orcid.org/0000-0002-7963-9370
http://orcid.org/0000-0002-7156-8897
http://orcid.org/0000-0002-3101-3256
https://doi.org/10.1155/2018/2196459


cooling current permafrost embankments according to en-
gineering practices.

While most existing highways and railways in perma-
frost regions adopt narrow embankments whose widths are
no more than 10m, QTE is characterized by wide em-
bankment with width more than 24.5m, which is at least
twice the width of current embankments. Due to the in-
creased width of asphalt pavement, the heat-absorption
intensity in wide embankment would be much higher
compared with narrow embankment. Meanwhile, the heat at
the embankment center is more difficult to dissipate outward
due to the extended heat diffusion path, which can lead to
faster permafrost degradation and more severe thaw set-
tlement [12]. +erefore, striking differences exist between
current narrow embankments and the new wide embank-
ment of QTE. Since most of the existing cooling methods are
based on narrow embankments, they may not be effective in
cooling QTE’s wide embankment.

+us, this study aims to find effective cooling mea-
surements for the wide embankment of QTE. To achieve this
objective, a new kind of reflective-resistant-ventilated cou-
pling structure (RRVCS) was proposed and designed. Based
on the finite element software ABAQUS, a numerical model
was built to simulate the temperature field of wide em-
bankment and evaluate the effectiveness of RRVCS to im-
prove the thermal stability of wide embankment. Another
conventional cooling method, namely, crushed stone layer,
was selected for comparison. +e influences of different
protective measures on the temperature field and thawing
depth of underlying permafrost of wide embankment were
investigated based on numerical analysis.

2. Design of RRVCS

To mitigate the thaw settlement of QTE and the degradation of
its underlying permafrost, it is desired to explore strategies that
make the pavement more heat resistant and the embankment
more ventilated [13–15]. Among various possible strategies,
pavements with high solar reflectance or low thermal con-
ductivity might conduct less heat downward during heat-
absorbing of summertime, while crushed stone embankment
can cool permafrost by the air convective effect in the voids
during heat-releasing of wintertime [16, 17]. +e combined
strategies of reflective heat-resistant pavement and ventilated
embankment could be a potential practice for improving the
stability of the expressway embankment in the permafrost areas.

+erefore, a reflective-resistant-ventilated coupling struc-
ture (RRVCS) was proposed in this study. It consists of three

parts: reflective coating, heat-resistant pavement, and crushed
stone embankment. +e cooling effect of RRVCS includes the
following: (1) the reflective coatingwould increase the albedo of
road surface and decrease the solar radiation absorbed by
asphalt pavement; (2) the heat-resistant pavement could im-
pede the heat transferring downward, thus reducing the heat
conducted to the frozen soil; and (3) the crushed stone em-
bankment can dramatically release heat accumulated in per-
mafrost embankment according to the Rayleigh–Bernard
convection mechanism [18]. While (3) is embankment tech-
nology which embodies the function of ventilated, (1) and (2)
are the pavement measures which manifest the action of re-
flective and resistant, respectively. Figure 1 is the schematic
diagram of RRVCS. (+e red arrows represent heat flowing
inward, and the blue arrows represent heat flowing outward).

2.1. Reflective Coating. As the dark surface of asphalt pave-
ment has strong heat absorption ability, it is considered to be
one of themajor causes for permafrost degradation. In order to
prevent heat entering into asphalt pavement, a lot of heat
reflectivematerials have been developed. Generally, their global
solar reflectance is within the range of 0.4 to 0.8 [19]. In this
paper, a white-colored thin layer was used as the reflective
coating of RRVCS, as shown in Figure 2. Its solar reflectance
was back calculated as 0.5 according to temperature test results.
Considering the fact that the reflectivity of the coating can be
reduced rapidly by traffic load and environment, its reflectivity
was set to be 0.3 for numerical analysis to simulate the long-
term behavior of the reflective coating.

Reflective coating
Heat-resistance asphalt layer

Crushed rock layer

Figure 1: Schematic diagram of the reflective-resistant-ventilated coupling structure.

Figure 2: Photo of the reflective coating.
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2.2.Heat-Resistant Pavement. Vermiculite powder, as shown
in Figure 3, is characterized as low thermal conductivity and
excellent heat insulation. In this study, heat-resistant pave-
ment was designed by adding vermiculite powder into asphalt
mixture to lower its thermal conductivity. +e maximum
dosage was selected as 10% (by weight) of the aggregate to
avoid its detrimental impacts on mixture’s mechanical per-
formances. Asphalt mixture of type AC-13 was designed, and
its gradation is shown in Table 1. Here, SBS (styrene-
butadiene-styrene) modified asphalt was used, and the as-
phalt content was 5.5%. +e coarse aggregate was basalt, and
the mineral filler was made from limestone.

Asphalt mixtures with 0%, 4%, 6%, 8%, and 10% of
vermiculite were made according to China technical spec-
ification [20]. +ermal properties of the five types of asphalt
mixtures, including heat capacity and thermal conductivity,
were measured by a Mathis TCI thermal conductivity tester.
+e test results can be seen in Table 2.

It can be observed that the thermal conductivity of asphalt
mixtures decreases with vermiculite content increasing.
Compared with the specimens without vermiculite, the
thermal conductivity can be reduced by 22.8%, 29.5%, 37.3%,
and 50.6% after the addition of 4%, 6%, 8%, and 10% ver-
miculite powder, respectively. +e test results also indicate
that a higher vermiculite content results in a lower specific
heat capacity. For example, the specific heat capacity de-
creases 14.4% when vermiculite dosage increases from 0% to
10%. In this study, asphalt mixture with 10% vermiculite was
chosen as the heat-resistant pavement of RRVCS to prevent
heat entering into the embankment as much as possible.

2.3. Crushed Stone Embankment. Crushed stone embank-
ment is a common roadbed cooling method, which can lower
the permafrost temperature based on the air convective effect
in the crushed stone layer. It has been widely used in per-
mafrost regions. It is proved that the cooling effects of crushed
stone embankment are mainly influenced by the particle size
and the thickness of the crushed stone layer [21]. Particles with
diameters of 6∼8 cm tend to have better cooling effect com-
pared with others [22]. Although there exists an optimum
thickness for the crushed stone layer, the thickness is too
difficult to be determined because a lot of factors have to be
considered. In this paper, a 1.5m thick crushed stone layer
with diameters of 6∼8 cm was selected as the crushed stone
embankment of RRVCS.

3. Finite Element Modeling

3.1. Fundamental 'eory and Equations. +e freezing and
thawing of frozen soils are complex processes involving
thermal transfer, moisture migration, deformation, and
phase change. To simplify the numerical analysis, mass
transfer and heat loss of vaporization were not considered in
this study. +erefore, based on mass and energy conser-
vation theory [23], two-dimensional heat-fluid coupling
equations can be obtained as follows:
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where c is the soil specific heat capacity (J·kg−1·K−1), ρS and ρw
are the soil and water densities, respectively (kg·m−3), wu is
the volumetric unfrozen soil moisture (m3·m−3), T is the
temperature (°C), t is the time (s), kx and ky are the thermal
conductivity components of soils at x and y directions, re-
spectively (W·m−1·K−1), Dx and Dy are the water diffusivity
components at x and y directions, respectively (m2·s−1), L is
the volumetric latent heat of thawing (J·m−3), and x and y are
the horizontal and vertical directions, respectively.

Based on the physical state (frozen or thawed) of soils
and the thermal properties of their components, the
equivalent thermal parameters can be obtained as follows:
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where csf and csu are the specific heat capacities of soils at
frozen and thawed states, respectively (J·kg−1·K−1), w0 is the

volumetric unfrozen water content at the initial state
(m3·m−3), ci is the specific heat capacity of ice (J·kg

−1·K−1),

Figure 3: Photo of vermiculite powder.
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cw is the specific heat capacity of water (J·kg−1·K−1), ρd is the
soil dry density (kg·m−3), θf is the absolute freezing tem-
perature, b is a constant related to soil type, λf and λu are the
soil thermal conductivities in the frozen and thawed states,
respectively (W·m−1·K−1), and D is the water diffusivity of
soils (m2·s−1).

+e crushed stone layer in highway embankment is
a porous media, in which the heat convects unsteadily.
+erefore, it is different from the other layers of the
embankment. +e governing equations for mass, mo-
mentum, and energy of the crushed stone layer are given
as follows [24]:

Continuity:
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where ρ is the density of air in porous medium, which
can be decided by air temperature (ρ � ρ0[1− β(T−T0)]);
ρ0 and T0 are the reference air density and temperature,
respectively; β is the air thermal expansion coefficient;
u and v are the components of air velocities; K is the
permeability of porous medium; μ is the dynamic air
viscosity; p is the air pressure; Ca is the air specific heat at
constant pressure; and Ce is the effective volumetric heat
capacity.

3.2. Numerical Model and Parameters. Figure 4 shows the
geometric sketch of computational region for the numerical
model. Part I represents the wide embankment which is 50m
in width, 3m in height, and 1 :1.5 for the side slope gradient.
According to the monitoring section K3+ 016 of Qinghai-
Tibet Highway, the natural ground consists of three layers
represented by Parts II, III, and IV, respectively. To eliminate
the influence of model size on the simulation results, the
natural ground depth underlying embankment is chosen as
20m while the flank fields are extended for 20m from both
slope toes of embankment. +e specific material parameters
for different soils are seen in Table 3. +e pavement structure
and corresponding material parameters are listed in Table 4.
To analyze the influences of embankment width on the
cooling effectiveness of different measures, the width of
embankment in the numerical model is adjustable. DC2D8
(eight-node quadrilateral heat-transmitting element) was
adopted in the numerical model. And user-defined sub-
ordinate program named as “UMATHT” was developed to
calculate the equivalent thermal parameters of soils. During
numerical modeling, the 1.5m thick crushed stone layer was
set at 0.5m above the surface of the natural ground. Table 5
lists the thermal parameters of crushed stone layer.

20m

20
m

20m

2.3m
1.6m

16.1m

A B

C D

E F

GH

II

IV

1:1.5 1 :1.5I

III

Figure 4: Geometric sketch of computational region.

Table 1: Aggregate gradation for AC-13 mixture.
Sieve sizes (mm) 16.0 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Passing (%) 100 96.6 70.1 43.2 32.5 23.7 17.2 12.0 8.5 6.8

Table 2: Test results of the thermal parameters of asphalt mixture.

Vermiculite dosage (%) 0 4 6 8 10
+ermal conductivity (W/m·K) 1.154 0.891 0.814 0.724 0.57
Specific heat capacity (J/kg·K) 716.24 691.68 657.44 633.62 613.24
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3.3. Initial and Boundary Conditions. +e temperature field
data at section K3+ 016 of QTH in August 2000 were used in
this study as the initial ground temperatures of the model.
Figure 5 shows the initial temperature at different depths from
the natural ground surface (represented by line AF in
Figure 4).

Most of the current temperature field models of per-
mafrost embankments used the first thermal boundary
condition. However, this kind of boundary condition is based
on observed temperature data of narrow embankments and

cannot be simply applied to wide embankments.+erefore, in
this study, the second and third thermal boundary conditions
including solar radiation, terrestrial radiation, wind velocity,
and air temperature were adopted in the model. +e field
observed data for solar and terrestrial radiation which are
used in numerical analysis are given in Figure 6. +e monthly
average wind velocities are summarized in Table 6.

According to previous research [25], the air temperature
increment after fifty years was predicted to be 2.6°C. During
numerical analysis, the monthly average air temperature was

Table 3: Material parameters for different soils.

Material parameters Part I Part II Part III Part IV
Gravel soil Pebbly clay Gravel loam Strong erosion mudstone

W0 (%) 25 30 30 30
ρd (kg·m−3) 1800 1700 1300 1500
csf (kJ·kg−1·K−1) 0.71 0.73 0.75 0.75
csu (kJ·kg−1·K−1) 0.79 0.84 0.84 0.84
ci (kJ·kg−1·K−1) 2.09 2.09 2.09 2.09
cw (kJ·kg−1·K−1) 4.182 4.182 4.182 4.182
λf (W·m−1·K−1) 1.980 2.69 1.22 1.82
λu (W·m−1·K−1) 1.919 1.95 0.87 1.47
−θf (°C) −0.20 −0.10 −0.19 −0.05
D (m2·s−1) 9.35×10−6 4.66 3.73 3.44
B 0.610 0.733 0.574 0.474
L (J·m−3) 334.56 334.56 334.56 334.56

Table 4: Pavement structure and material parameters.

Upper asphalt layer Lower asphalt layer Base Subbase Cushion
Material AC13 AC20 ATP25 Cement stabilized macadam Graded gravel
+ickness (m) 0.04 0.05 0.12 0.24 0.2
Density (kg·m−3) 2300 2320 2350 2200 2000
Specific capacity (J·kg−1·K−1) 1670 1670 1260 960 1100
+ermal conductivity (W·m−1·K−1) 1.15 1.20 0.81 1.56 1.68

Table 5: +ermal parameters for crushed stone layer.

Materials Density (kg·m−3) Specific capacity (J·kg−1·K−1) +ermal conductivity (W·m−1·K−1)
Crushed stone 1490 839 0.40
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described by sine function, as shown in (6). User-defined
subordinate programs DFLUX and FILM were developed to
define the second thermal boundary condition (solar

radiation and terrestrial radiation) and the third thermal
boundary condition (wind velocity and air temperature),
respectively:

Table 6: Monthly average wind velocities.

Month 1 2 3 4 5 6 7 8 9 10 11 12
Wind velocities (m·s−1) 5.69 5.83 5.92 4.79 4.37 4.11 3.72 3.37 3.38 3.58 4.29 5.23
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Figure 7: Comparison between calculated and measured temperature data in September.
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Figure 8: +e tenth-year temperature fields in January for different embankments: (a) normal embankment, (b) CS embankment, and
(c) RRVCS embankment.

6 Advances in Civil Engineering



T � −5.2+11.3 sin
2π
12

t +
5π
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2.6t

600
, (6)

where T is the monthly average air temperature (°C) and t is
the time (month).

3.4. Verification of Numerical Analysis. To verify the validity
of finite element modeling, the temperature field of section
K3+ 016 of the Qinghai-Tibet Highway was calculated using

the numerical model. Figure 7 shows the field temperature
data and the simulation data at different depths in
September (along the embankment centerline). During
numerical analysis, the calculation parameters are fixed
and boundary conditions are simplified. +erefore, the
simulation data and field data are not exactly the same.
However, they are close to each other and present similar
variation trend, which proves the feasibility of the nu-
merical model.
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Figure 9: +e tenth-year temperature fields in August for different embankments: (a) normal embankment, (b) CS embankment, (c) and
RRVCS embankment.
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Figure 12: Continued.
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4. Results and Discussion

4.1. Influences of RRVCS on the Temperature Field of Wide
Embankment. Numerical analysis was conducted to obtain
the thermal regimes of normal embankment without pro-
tective measures, embankment with crushed stone layer (CS
embankment), and embankment with RRVCS (RRVCS
embankment). Here, the width of all the embankments was
chosen as 50m.

Figures 8 and 9 show the tenth-year temperature fields of
the three different embankments in January and August, re-
spectively (the temperature decreases gradually when the color
changes from red to blue). From Figure 8, it can be seen that,
even at the coldest season, obvious thawing core (represented by
the dark red zone with temperature higher than 0°C) was found

within the normal embankment and the CS embankment.
However, the thawing core within the normal embankment is
much larger than that within the CS embankment. Meanwhile,
there is no thawing core within the RRVCS embankment.

From Figure 9, it can be seen that the 0°C contour of the CS
embankment is closer to the natural ground surface than that of
the normal embankment.While the 0°C contours (shown as the
edge of the blue zone with temperature lower than 0°C) of
normal embankment and CS embankment are beneath the
natural ground, the 0°C contour of RRVCS embankment is
above the natural ground (within the embankment). It proves
that both crushed stone layer and RRVCS can improve the
thermal regime of wide embankment; however, RRVCS em-
bankment has better improving effects.
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Figure 13: +e maximum thawing depth versus embankment width for different embankments.

–2

–1

0

1

2

3

4

5

6

7

8

M
ax

im
um

 th
aw

in
g 

de
pt

h 
(m

)

10 15 205
Time (years)

Normal embankment
CS embankment
RRVCS embankment

(e)

–2

0

2

4

6

8

10

M
ax

im
um

 th
aw

in
g 

de
pt

h 
(m

)

10 15 205
Time (years)

Normal embankment
CS embankment
RRVCS embankment

(f )
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4.2. Influences of RRVCS on the Temperature Variations of
Wide Embankment. Figure 10 shows the temperature
variations during two decades at the 5m depth of centerline
for different embankments. It can be seen from Figure 10
that all of the three embankments present similar trends:
the temperature varies periodically over time but the an-
nual average temperature keeps increasing. +e tempera-
ture of normal embankment exceeds 0°C after the 10th
year, which indicates that the thawing depth of normal
embankment has been larger than 5m since the 10th year.
However, the temperature of CS embankment and RRVCS
embankment is all less than 0°C during the two decades;
hence, their thawing depths are less than 5m. At the same
time point, normal embankment has the highest temper-
ature while RRVCS embankment has the lowest temper-
ature. As a result, RRVCS embankment can slow down the
degradation trend of permafrost and has the best thermal
stability compared with the other two types of wide
embankments.

4.3. Influences of RRVCS on the 'awing Depth of Wide
Embankment. +e temperature variations with depth at the
centerline for different embankments are shown in Figure 11.
It shows that the temperatures decrease with the depth in-
creasing and 0°C appears at smaller depth for embankment
with protective measures. Meanwhile, at the same depth of
underlying permafrost, embankment with RRVCS has lowest
temperature, which indicates that RRVCS embankment
has the least disturbance on the underlying permafrost.

Figure 12 shows the variations ofmaximum thawing depth
with service time for embankments with different widths. It is
clearly indicated that, for the same embankment width and
service time, the RRVCS embankment has the smallest thawing
depth while the normal embankment has the biggest thawing
depth. +e thawing depth of CS embankment is smaller than
that of normal embankment but larger than that of RRVCS
embankment. +e maximum thawing depth twenty years after
embankment construction versus embankment width is shown
in Figure 13. It can be seen that with the increase of the
embankment width, the thawing depth of normal embank-
ment keeps increasing rapidly while the thawing depth of
RRVCS embankment increases slowly. For CS embankment,
the thawing depth increases slowly with the embankment
width increasing when the embankment width is less than 26m
but increases rapidly with the embankment width increasing
after the embankment width exceeds 26m. +erefore, the
cooling effects of crushed stone layer can be obviously
weakened by wide embankment with width exceeding 26m.
Meanwhile, the thawing depth differences between normal
embankment and RRVCS embankment increase continuously
with embankment width increasing. +us, the RRVCS em-
bankment has the best protective effects for the thermal regime
of the wide embankment section.

5. Conclusions

(1) Vermiculite powder has great influences on the
thermal property of asphalt mixture. +e thermal

conductivity can be reduced by 22.8%, 29.5%, 37.3%,
and 50.6% after the addition of 4%, 6%, 8%, and 10%
vermiculite powder.

(2) +e temperatures of normal embankment and
embankments with protective measures all change
periodically over time, but the mean temperatures
rise. At the same time, the temperatures of RRVCS
embankment are much lower and the time to reach
the maximum temperature is obviously delayed
compared with the other embankments.

(3) Both crushed stone layer and RRVCS can improve
the thermal regime of wide embankment. However,
after the width of embankment exceeds 26m, the
protective effects of crushed stone layer are obvi-
ously weakened by increasing embankment width.
Since the reflective coating and heat-resistant
pavement are to provide heat resistance for per-
mafrost ground in hot reason and crushed stone
layer aims to facilitate the heat dissipation of per-
mafrost ground during cold season, the RRVCS has
the best protective effect for wide embankment.

(4) +e reflective-resistant-ventilated coupling structure
proposed in this paper provides a promising way to
protect the wide embankment of expressway in
permafrost zones. It is proposed to be used in the
construction of the Qinghai-Tibet Expressway.
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To determine the degree of compaction of subgrades filled with fine-grained soil, the compaction test and light dynamic penetrometer
(LDP) test were carried out for low liquid-limit clay samples with different water contents in laboratory. ,en, a prediction equation
of the penetration ratio (PR) defined as the depth per drop of the hammer of LDP, degree of compaction (K), and water content (ω)
was built. After that, the existing fine-grained soil subgrades on LDP-based field tests were excavated. ,e on-site PR values, water
contents, and degrees of compaction of slopes were obtained. ,e estimated degrees of compaction using the prediction equation
were compared with measured values of the degree of compaction in field. ,e results show that there is good consistency between
them, and an error within 3.5% was obtained. In addition, the water content should be determined firstly while using the prediction
equation which is proposed in this study. ,erefore, a numerical method of the water content of a subgrade was developed, and the
predicted and measured water contents were compared, which shows a relatively high relativity. ,en, the degree of compaction of
fine-grained soil subgrades can be calculated according to the predicting equation, which involves the penetration ratio (PR) and the
numerically calculated water content as input instead of the measured value in the field.

1. Introduction

In civil engineering, the investigation of the strength and
integrity of every highway subgrade becomes necessary to
optimize pavement structural performance and safety [1].,e
degree of compaction is a significant index of investigation to
achieve the goal of in situ quality control/quality assurance of
granular pavement layers (subgrade, subbase, and base) [2–4].
If the results of investigation do not meet the requirements of
compaction in design, the carrying capacity of the subgrade
would be lower and then some distresses would occur such as
the settlement of the subgrade and the cracking of pavement
[5]. Traditionally, one of the activities during the subgrade
investigation is determination of degree of compaction with
different field and laboratory tests such as the sand-cone
method [6] and cutting ring method [7, 8]. Although these
evaluation methods are the best and reliable, they have

relatively complicated steps and take much time to have the
end result [9]. In addition, the soil samples in these methods
need to be cored or excavated on the subgrade which is
destructive and can have significant impact on pavement
performance [10]. To overcome these shortcomings, many
nondestructive and time-saving determination methods and
equipment have been developed [11–13].

As a nondestructive, effective, fast, and reliable testing
method, the dynamic cone penetrometer (DCP) has been
introduced as a criterion for testing the foundation capacity in
specifications of American Association of State Highway and
Transportation Officials (AASHTO) and South Africa [14].
,is device provides continuous and uninterrupted strati-
graphic data when its cone probe is driven into soil along the
vertical depth. ,e data obtained from the DCP have got
a strong theoretical acceptance and can be used to compre-
hensively assess the foundation soil.,e application of theDCP

Hindawi
Advances in Civil Engineering
Volume 2018, Article ID 1364868, 8 pages
https://doi.org/10.1155/2018/1364868

mailto:yaoyongsheng23@163.com
http://orcid.org/0000-0003-4199-4884
http://orcid.org/0000-0002-6364-0756
https://doi.org/10.1155/2018/1364868


was further investigated by previous researchers. Siekmeier
et al. [15], George et al. [16], and Mukabi [17] built the em-
pirical formula combining the penetration ratio (PR) of the
DCP with the elasticity modulus and California bearing ratio
(CBR).Mohammadi et al. [18], Alghamdi [19], Emre et al. [20],
and Yang et al. [21] have gained some beneficial achievements
to evaluate the subgrade compactness by the DCP, and the
correlation between the degree of compaction, penetration
ratio, and water content was established. ,e advantage of
using theDCP is testing the soil properties in its natural density
and moisture content state. ,ese applications of the theory
and method of the DCP have been accepted for different
soils, and they provide a way to the empirical correlations
based on the statistical analyses of field tests and soil properties.

,e light dynamic penetrometer (LDP) is also a non-
destructive method to evaluate the performance of the soil
layer, which has a similar working principle to the DCP’s.
Compared to the DCP, its hammer is lighter and the drop
distance is shorter, which is convenient and fast for the field
testing of subgrade using the LDP instead of the DCP.
,erefore, the objective of this paper is to test the degree of
compaction of the fine-grained soil subgrade using the LDP.
First, the principles and steps of the LDP-based test were
introduced. ,e compaction and LDP tests of a typical low
liquid-limit clay were conducted in the laboratory, and
a quadratic predicting equation between the degree of
compaction (K), the penetration ratio (PR), and the water
content (ω) was established.,en, the validity of this equation
was verified by the field tests of fine-grained soil subgrades.
Finally, a numerical method for calculating the water content
of subgrades was put forward and verified.,us, the degree of
compaction of fine-grained soil subgrades can be calculated
according to the quadratic predicting equation, which uses the
penetration ratio (PR) and the numerically calculated water
content instead of the measured value in the field.

2. Device and Testing Method of LDP

,e light dynamic penetrometer (LDP), a small-sized por-
table foundation soil in situ test penetrometer, consists of

a hammer (10 kg in weight and 500mm in drop distance),
a penetration rod (1,000mm long and a total of 4 rods), and a
conical head (40mm in diameter and 60° at the conical tip),
as shown in Figure 1. When a field test is conducted using
the LDP, the depth and drops of the hammer of the LDP are
recorded when the cone tip is driven into soils by the
hammer. ,e penetration ratio (PR), defined as the depth
per drop of the hammer, can reflect the properties of soil
layers.

When a test using the LDP is conducted, the following
procedure should be carried out:

(1) ,e testing site should be flat, and a record book also
should be prepared.

(2) Cone tip and penetration rod with scale should be
assembled and connected. ,e penetration rod
should always be perpendicular to the ground sur-
face when the test is in progress.

(3) When the test is in progress, the penetration rod
should be held on by one tester. ,e hammer should
be lifted and released along the penetration rod. At
the same time, the penetration frequency and depth
are needed to be recorded.

3. LDP-Based Lab Test and Prediction of
Degree of Compaction

3.1. LDP-Based Lab Test. ,e soil samples were taken from
the Nanchang-Zhangshu expressway widening project in
Jiangxi Province. ,e liquid limit, plastic limit, optimum
moisture content, maximum dry density, and particle size
analysis were conducted for soil classification and basic
properties. ,eir liquid limit and plastic limit are 35.8% and
22.8%, respectively. According to the compaction test, the
optimum moisture content and maximum dry density are
13.0% and 1.954 g/cm3, respectively. ,e particle size
analysis shows that 0.075mm passing percentage of the soil
samples is 82.2%. ,erefore, the soil sample was categorized
as a low liquid-limit clay according to the standard of Test
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Figure 1: Diagram of the LDP device and principal.
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Methods of Soils for Highway Engineering (JTG E40-2007) in
China.

In order to study the influence of water content on the
PR measured by the LDP, different soil specimens with 5
initial water contents and 5 dry densities were prepared. ,e
water contents of soil samples were set to 9%, 13%, 16%,
19%, and 23%, covering the possible moisture content range
of subgrade soils in China. ,e degrees of compaction of the
subgrade are 96% and 93%, respectively, according to the
requirements of the current specification in China. In order
to improve the accuracy of the LDP-based test, the degrees
of compaction of 82%, 86%, 90%, 94%, and 98% of soil
samples were selected. ,e samples of 152mm× 220mm
(diameter× height) were prepared by the static pressure
method by 5 layers, as shown in Figure 2. ,e relationships
between the water content and PR with different degrees of
compaction were curved in Figure 3. It can be seen in
Figure 3 that the minimum PR value is found nearby the
optimum water content for the same degree of compaction,
and the PR values decrease with the increasing degree of
compaction values for the same water content. As men-
tioned above, the penetration ratio (PR) of the LDP can
reflect the density properties of soil layers. ,us, the re-
lationship between the PR, degree of compaction (K), and
water content (ω) of soils can be built according to the results
of the LDP [18–21], as shown in the following equation:

K � 0.1538ω2− 3.9713ω − 1.1284PR +121.3193 R
2

� 0.897 ,

(1)

where K is the degree of compaction of soil (%), PR is the
penetration ratio (mm/drop), and ω is the water content of
soil (%).

3.2. LDP-Based Field Test. A typical section of K24 + 600,
where the soil samples were taken from, was selected. ,e
light dynamic penetrometer (LDP) tests were carried out

from the top of 96 zone (i.e., the degree of compaction of
96%), 94 zone, and 93 zone of the existing subgrade, with
a penetrating depth of 360 cm, as shown in Figure 4. ,e test
data were recorded for every 20 cm penetration depth.

Figure 5 shows the PR values of different testing pro-
grams. It can be seen from Figure 5 that the PR values
gradually increase with the increasing depth, which indicates
that the degree of compaction of subgrades’ slope soil
gradually decreases with the increasing depth. ,e PR value
is about 13mm per stroke of the hammer within the depth of
100 cm of the subgrade slope and distributes relatively
uniformly. ,e reason is that the LDP-based field test was
conducted in summer, and the water contents of slope
surface were relatively low. ,e PR values increase gradually
and are 14mm to 20mm per hammering within the depth of

(a) (b)

Figure 2: LDP-based lab test.
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100 cm to 360 cm. In addition, it can be seen from Figure 5
that though V1, V2, and V3 started from the top of different
zones, their PR values are almost the same within the depth
of 100 cm. It shows that there is no obvious difference in
properties of the subgrade within this scope in spite of the
fact that their initial degrees of compaction are different.
Also, Figure 5 shows that the PR values of V3 section are
larger than those of the other two sections, which indicates
that the water contents of the bottom subgrade are larger
than those of the top subgrade.

3.3. Measurement of Degree of Compaction and Water Con-
tent of Subgrade Slope. To investigate the changes of the
degree of compaction and water content of the subgrade
slope of K24 + 600, it was excavated manually to a ditch with
a 50 cm width and a 510 cm depth along the V1 section. ,e
degree of compaction and water content were measured by
the cutting ring test method on the horizontal planes with
a vertical distance of 20 cm.,e lowest horizontal plane is on
the bottom of the ditch. For every horizontal plane, two soil
samples with a distance of 20 cm in the longitudinal di-
rection (parallel to the traffic direction) were selected, as
shown in Figure 6. ,eir average values were taken as the
final values for this location.

Figure 7 shows the measured water contents and degrees
of compaction. It can be seen in Figure 7(a) that the water
content increases gradually with the increasing depth and
becomes relatively stable below the depth of 200 cm. ,e
water contents are between 18% and 27%within the depth of
200 cm and 21% to 27% below the depth of 200 cm. ,is is
because the water content for the top depth is controlled by
the climate and that for the bottom depth is controlled by the
ground water. ,e former changes sharply for different
seasons, while the latter is stable with seasonal changes. It
can be seen in Figure 7(b) that the degree of compaction
changes sharply from 80% to 93% within the depth of
200 cm. For the depth below 200 cm, the degrees of com-
paction are relatively stable, changing from 82% to 88%.

3.4. Comparison of Predicted and Measured Degrees of
Compaction. ,e estimated degrees of compaction using (1)
and the measured values are shown in Figure 8. It can be
seen in Figure 8 that they are relatively consistent. ,e root
mean square errors between the estimated and measured

degrees of compaction at V1, V2, and V3 vertical sections are
3.44%, 3.24%, and 3.31%, respectively, and the average of
root mean square errors is 3.33%. ,erefore, the differences
between the estimated and measured degrees of compaction
are acceptable, which means that the predicting equation of
degrees of compaction based on the PR and water content
has a satisfactory accuracy.

4. Degree of Compaction according to
Numerical Moisture Content

According to the above research, the degree of compaction
of subgrade slope soil at different depths can be calculated
based on the PR value and the measured water content. ,e
former can be gained quickly using the LDP, and the latter is
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Figure 4: (a) Diagram of LDP-based test. (b) LDP-based field test.
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time consuming.,erefore, a rapid method to determine the
water content is the key to calculate the degree of com-
paction using (1). ,e water content of subgrade slope soil
can be calculated using the numerical simulation, which is
proved to be rational by some researchers using the Geo-
Studio software [22–25].

4.1.TestParameters. ,is simulation needs some parameters
including the hydraulic properties, thermodynamic prop-
erties, physiological parameters, and meteorological pa-
rameters of soils. All the needed parameters are shown in
Table 1. ,eir values can be referred to the literature [22].

4.2. Calculated and Measured Water Content Values.
,en, a numerical modelling of the subgrade slope of K24
+ 600 was completed according to the method of the lit-
erature [22, 26, 27]. Water content was calculated using the
parameters mentioned above, and the results of calculated
water content values of soil are shown in Figure 9. ,e
measured values for the section of K24 + 600 are also drawn
in Figure 9. It can be seen in Figure 9 that the calculated and
measured water contents of V1, V2, and V3 sections show
a good coincidence in general. Due to the inhomogeneity of
the subgrade and the measured errors, some data are
scattered. Besides the discrete points, the root mean square
errors between the measured and calculated water contents
of V1, V2, and V3 sections are 1.19%, 1.53%, and 1.34%,
respectively, and their average value is 1.35%. It shows
a relatively high accuracy for engineering practices.,erefore,
the water content of the subgrade in different depths can be
calculated using the numerical method.

4.3. Degree of Compaction Based on Calculated andMeasured
Water Contents. Furthermore, to investigate the accuracy of
the degrees of compaction from (1) using the calculated and

measuredwater contents, they are shown in Figure 10. It can be
seen from Figure 10 that the estimated degrees of compaction
of the subgrade based on the numerical water content, in
general, do not deviate from the measured values significantly.
Due to the inhomogeneity of the subgrade and the measured
errors, some test points are scattered. Besides three discrete
points, the root mean square errors between the estimated and
measured degrees of compaction are 2.80%, 3.53%, and 2.46%
for V1, V2, and V3 sections, respectively, and their average
value is 2.93%. It shows that, for an existing subgrade, these
degrees of compaction estimated by (1) according to the nu-
merical and measured water contents are almost equivalent.
Since the water content of any depth in subgrades can be
determined using the numerical method in this study without
excavating the subgrade slopes, which is much more time-
saving than themeasurement in the field, the PR and numerical
water content can be used to predict the degree of compaction
using (1) quickly.
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Figure 6: Locations of soil samples.
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Figure 7: Water contents (a) and degrees of compaction (b) for the
existing subgrade.
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5. Conclusions

,e compaction test and light dynamic penetrometer (LDP)
tests were carried out for low liquid-limit clay samples with
different water contents in laboratory.,e water content and
degree of compaction were measured for a typical subgrade
slope of K24 + 600 by the LDP test in field.,en, a prediction
equation of the penetration ratio (PR), degree of compaction
(K), and water content (ω) was built and verified. In order to

avoid excavating the subgrade slope to measure its water
content, a numerical method to determine the water content
of a subgrade slope was put forward. It can be utilized to
substitute the measured water content. Some major con-
clusions may be drawn as follows:

(1) A quadratic function between the degree of com-
paction, PR, and water content measured of low
liquid-limit clay was established and verified. ,e
root mean square error between the estimated and

Table 1: Parameters required for the numerical simulation [22].

Parameter category Relevant parameter Symbol Unit

Hydraulic properties Soil-water characteristic curve SWCC —
Saturated infiltration coefficient kws m/s

,ermodynamic properties Heat conductivity coefficient λt —
Specific heat per unit volume λv J/(m3·°C)

Physiological parameters of vegetations Leaf area index LAI —
Root depth index DR M

Meteorological parameters

Daily average temperature T °C
Daily relative moisture RH %

Daily relative wind speed U m/s
Daily average rainfall Pr mm
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Figure 9: Calculated and measured water content values of soil at each vertical section. Comparison of vertical section: (a) V1; (b) V2;
(c) V3.
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Figure 8: Estimated and measured degrees of compaction. Comparison of section: (a) V1; (b) V2; (c) V3.
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measured degrees of compaction was within 3.5%,
which proves the validity of the relationship pro-
posed in this study.

(2) It is difficult to measure the water content without
excavating the subgrade slopes. A numerical method
of water content for subgrade slope soils was pro-
posed and verified. ,e results show that they have
a relatively satisfactory accuracy. ,erefore, this
numerical method can be utilized to calculate the
water content in subgrades, which is much more
time saving than the on-site measurement.

(3) According to the numerical water content, the PR
value obtained by the LDP-based field test, and the
relationship between the degree of compaction, PR,
and water content built in this study, the degree of
compaction can be determined quickly. ,is method
was proved to be rational by comparing the calcu-
lated and measured water contents.
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Dynamic response of pavement provides service condition information and helps with damage prediction, while limited research
is available with the simulation of pavement vibration response for evaluating roadway service condition. +is paper presents
a numerical model for the analysis of the pavement vibration due to the dynamic load created by a passing vehicle. A quarter
vehicle model was used for the determination of the vehicle moving load. Both random and spatial characteristics of the load were
considered. +e random nonuniform moving load was then introduced in a 3D finite element model for the determination of the
traffic-induced pavement vibration. +e validated numerical model was used to assess the effects of dynamic load, material
properties, and pavement structures on pavement vibration response. Numerical analyses showed that the vibration modes
changed considerably for the different roadway service conditions. +e vibration signals reflect the level of road roughness, the
stiffness of the pavement materials, and the integrity of pavement structure. +e acceleration extrema, the time-domain signal
waveform, the frequency distribution, and the sum of squares of Fourier amplitude can be potential indexes for evaluating
roadway service condition. +is provides recommendations for the application of pavement vibration response in early-warning
and timely maintenance of road.

1. Introduction

Pavement, the important transportation infrastructure, pro-
vides a smooth riding surface and basic load-bearing capacity
for vehicles to travel on. Pavement structure will deteriorate
under cyclic traffic loading and environmental factors. Early
repair and maintenance scheduling increase the safe opera-
tion and in-service performance of pavement. +is can be
achieved through an accurate and consistent monitoring of
dynamic response of pavement. Because the signal pattern can
be analyzed to distinguish between deteriorated or cracked
pavement section from the intact ones [1].

Stress-strain, displacement, and acceleration are the
important monitoring parameters for the dynamic response
of pavement. Due to the substantial improvement of ac-
celeration sensing technologies, the microelectromechanical
system (MEMS)-based acceleration sensors have been used

in the monitoring of pavement vibration. +e acceleration
signals caused by the moving vehicle load were processed to
obtain traffic information including vehicle speed, axle,
weight, and traffic volume [2–5]. Moreover, by detecting the
acceleration of pavement under specific wheel loadings and
analyzing the vibration modes, it is possible to evaluate the
pavement service condition.

Over the past several years, experimental studies have
analyzed the pavement vibrations generated by vehicles
to evaluate pavement service condition. Arraigada et al.
[6] used accelerometers to measure pavement deflections
due to traffic loads. Levenberg [7] inferred the pavement
layer properties by using an integral electronic piezoelectric
accelerometer. Yu and Yu [8] developed a cost-effective
vibration-based system for preliminary evaluation of
pavement conditions. Zhang et al. [9] analyzed time and
frequency spectrums of vertical acceleration for the HMA
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slabs under different loading scenarios. However, the
application of pavement vibration response in roadway
service condition is still in the experimental stage.

On the contrary, theoretical and numerical studies
have also been conducted. +is can save large amount of
laboratory efforts and time. +e analyses considering the
pavement vibration under dynamic vehicle load are widely
adopted by many studies for various research purposes. Ju
[10] developed a finite element (FE) model to investigate
the characteristics of the building vibrations induced by
adjacent moving trucks. Xu and Hong [11] investigated the
effects of both a single heavy truck flow and a two-way
traffic flow on building vibration. +e results showed that
traffic-induced ground vibrations disrupted high-tech
facilities. Mhanna et al. [12] investigated the effect of
the vehicle speed, the road unevenness, and the vehicle
suspension system on the traffic-induced vibrations. Some
recommendations were suggested for the reduction of
these vibrations. Lak et al. [13] studied the relation be-
tween road unevenness, the dynamic vehicle response, and
ground-borne vibrations. +e influence of road un-
evenness on the free field vibrations was investigated.
Wang et al. [14] tested four trackbed materials for their
relative vibration attenuation capacities and studied the
effect of different speed and weight of the passing train on
the performance of the paving materials. +eir purpose is
to reduce the adverse effects of pavement vibration on the
surrounding structures and vehicles, rather than to analyze
the pavement vibration signals for evaluating the pave-
ment service condition.

However, there are few studies to evaluate the pavement
service condition through vibration simulation analysis.
+e assessment of roadway service condition is mainly
reflected by the monitoring of stress, strain, and dis-
placement. Saad et al. [15] examined the dynamic response
of the fatigue strain at the bottom of the asphalt concrete
layer and rutting strain at the top of the subgrade material
by 3D FE analyses. Alavi et al. [16] compared the dynamic
strain data of intact and damaged FE model under moving
tire loading. Features extracted from the dynamic strain
data were used to detect the damage progression. Xue et al.
[17] simulated the loading process by using finite-element
analysis. +e ratio between vertical stress and longitudi-
nal horizontal strain was demonstrated to be related to
the strength of pavements and can be used for the back-
calculation of pavement modulus. Wu et al. [18] in-
vestigated the dynamic responses of stress and deflection at
the critical load position by changing thickness, modulus of
isolating layer, and the combination between the isolating
layer and concrete slab. Patil et al. [19] studied the effects of
vehicle-pavement interaction, pavement thickness, and soil
parameters on the dynamic response of pavement to reveal
their influences on pavement dynamic performances, in-
cluding the effects of subbase module on maximum
deflection.

Due to the improved MEMS-accelerometer technology,
pavement vibration response can be used not only for traffic
information monitoring but also has the potential to be used
for evaluating the roadway service condition. +is paper

presents a numerical model for the analyses in the time-
frequency domain of the traffic-induced vibrations. +e
numerical modeling includes two stages. In the first stage,
a quarter vehicle model is used for the determination in the
time domain of the load due to road roughness. Both
random and spatial characteristics of the load were con-
sidered. In the second stage, a 3D FEmodel of road is used to
determine the pavement vibrations due to the load, which is
calculated in the first stage.+en, the validated roadmodel is
used to evaluate the effects of dynamic load, pavement
materials, and structure on pavement vibration response, so
as to determine the potential evaluation index of roadway
service condition.

2. Numerical Model

In the case of vehicle-road interaction, the prediction of the
dynamic axle loads can be uncoupled from the solution of
the road-pavement interaction problem due to the high
stiffness of the road compared to the vehicle’s suspension
system or tire [20–23]. +erefore, the numerical modeling
includes two stages: Firstly, the dynamic axle load resulting
from pavement roughness was calculated by establishing
a moving vehicle model composed of springs, dampers, and
lumped mass. +en, the resulting axle dynamic load is used
in a 3D numerical modeling for the determination of the
pavement vibrations.

2.1. Random Nonuniform Moving Load

2.1.1. Time History. +e quarter vehicle model, the half
vehicle model, and the 3D vehicle model are the common
vehicle models. But the quarter vehicle model is a widely
used model because it can easily be used with personal
computers to predict ride quality and pavement loading

m1
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k1

k2

c1

c2

x1

x2

q

Figure 1: +e quarter vehicle model.
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[24]. Although the quarter vehicle model does not allow to
model pitch and roll effect on tire forces, the stochastic load
can be simulated efficiently by using the quarter vehicle
model when vehicle moves straight at a constant speed.
Figure 1 shows the quarter vehicle model [25].

In this model, the suspension and nonsuspension
masses corresponding to the one corner of the vehicle are
denoted bym1 andm2, respectively. +e suspension system
is represented by a linear spring of stiffness k1 and a linear
damper of damping rate c1. +e tire is modeled by a linear
spring of stiffness k2 and a linear damper of damping rate
c2. +e vertical displacements of suspension mass and
nonsuspension mass are x1 and x2, respectively. +e pa-
rameter values chosen for this study are shown in Table 1
[26].

According to the D’Alembert’s principle, the motion
differential equations of this vibration system are written as

M €X + C _X + KX � P, (1)

where M, C, K, X, and P are mass matrix, damping
matrix, stiffness matrix, displacement matrix, and excite-
ment matrix, respectively. +ey are written as

M �
m1 0

0 m2
 , (2)

K �
k1 −k1
−k1 k1 + k2

 , (3)

C �
c1 −c1
−c1 c1 + c2

 , (4)

P �
0

k2q + c2 _q
 , (5)

X �
x1

x2
 , (6)

where q is the displacement excitated by road roughness,
which can be calculated as [27]

_q(t) � 2πn0

�������
Gq n0( v


· w(t)−ω0q(t), (7)

where w(t) is the time domain signal of Gaussian white
noise with mean zero; Gq is the road roughness coefficient;
v is the vehicle speed (m/s); and n0 is the reference space
frequency and n0 � 0.1 m−1. According to (1)–(7), the

vehicle random dynamic load forcing on the pavement can
be calculated as

Ft � Fd + G,

G � m1 + m2( g,

Fd � k2 x2 − q(  + c2 _x2 − _q( ,

(8)

where Ft is the vehicle random dynamic load;G is the vehicle
static load; g is the acceleration of gravity; and Fd is the
dynamic load applied by tires on pavement.

+e quarter vehicle model was established in
Matlab/Simulink. +e speed was set to 10m/s. According to
the ISO 8608, the classes A, B, and C of road were obtained
by adjusting the geometric mean of road roughness co-
efficient. +e geometric mean of road roughness coefficient
was set as 16 (i.e., Gq � 16) when the road was a class A road
[28]. Class A road represents high grade road, such as the
highway, indicating that the surface of road is smoothness.

+e sampling frequency of stochastic load was set as
1000Hz. Figure 2 shows the random dynamic load when the
vehicle speed is 10m/s and road is class A road.

When the vehicle travels on the class A road, the value of
vehicle dynamic load is not constant due to the effect of road
roughness, vehicle suspension system, vehicle speed, weight,
and other factors. +e value of vehicle dynamic load is
random and fluctuates around 48 kN.

2.1.2. Spatial Distribution. In order to obtain the more actual
pavement dynamic response, it is necessary to consider both
random and spatial characteristics of the load.+e actual tire-
to-pavement contact is surface to surface contact. Once the
total tire force is known, the actual or more rational contact
pressure distribution can be used by considering the actual
configurations of the tires [29]. +e actual tire-to-pavement
contact is simplified as a rectangular area [30]. +e rectan-
gular area is affected by the tire pattern and the load value
which varies with the space. Figure 3 shows a common style of
tire pattern. +e size of the rectangular area is 20 cm× 18 cm.
+ere are five rib areas caused by the tire pattern [31].

When the vehicle moves straight at a constant speed, the
ratio of load amplitude is about 1 : 0.9 : 0.5 in center rib (R3),
intermediate rib (R2, R4), and edge rib (R1, R5). Moreover,
the spatial distribution of the vertical load can be simplified
as a half-sine function in each rib area along the traffic
direction [31, 32].

2.1.3. Moving Load. In order to simulate the movement of
vehicle load, the secondary development of DLOAD sub-
routine was carried out based on FE software, ABAQUS, to
simulate the random nonuniform moving load. A specified
coordinate function COORDS(∗) and a time function
TIME(1) were used to define the loading area and imple-
ment the moving load. Equation (9) means the loading area
moves at a constant velocity along the X axis which is
defined as traffic direction.

X � COORDS(1)−V × TIME(1)−X0, (9)

Table 1: +e parameters of medium truck.

Vehicle parameters Value
m1 (kg) 4450
m2 (kg) 550
k1 (N·m−1) 1000000
c1 (N·s·m−1) 15000
k2 (N·m−1) 1750000
c2 (N·s·m−1) 2000
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where COORDS(1) is an array containing the X coordinates
of the load integration point; X0 is initial coordinate X value
of load; V is the vehicle speed; and TIME(1) is the current
value of step time. +erefore, X is an array containing the X

coordinates of the load integration point corresponding to
the moving coordinate system.

+en the load in each rib by considering random and
spatial characteristics was defined. Equation (11) means the
spatial distribution of load at time t.

Y � COORDS(2)−Y0, (10)

if abs(X) ≤
b

2
and abs(Y)≤

c

2
,

then P(t) � a∗
F(t)

S
× sin

π
b

× X +
π
2

 ,

(11)

where COORDS(2) is an array containing the Y coordinates
of the load integration point; the direction of Y axis is
perpendicular to the traffic direction; Y0 is initial coordinate
Y value of load; abs(X)≤ (b/2) defines the length of the
loading area; abs(Y)≤ (c/2) defines the width of the loading
area; a is the ratio of load amplitude, which is set as 1 for R3,
0.9 for R2 and R4, and 0.5 for R1 and R5; b is the length of the
load distribution along the traffic direction, which is set as
18 cm for R3, 16 cm for R1, R2, R4, and R5; c is the width of
the load distribution perpendicular to the traffic direction,
which is set as 3 cm for each rib; S is the actual contact area
that is the sum of the areas from R1 to R5; P(t) is the set of
the surface pressure on the load integration point at
TIME(1); and F(t) is the random load produced by the
quarter vehicle model at TIME(1).

+e random nonuniform moving load is achieved by (9)
and (11). +e vehicle speed was set as 10m/s, and the length
of loading area was set as 3m. +erefore, the total time
period was 0.3 s.+e increment time was set as 0.001 s, which
was consistent with the sampling frequency (1000Hz) of
stochastic load. +us, the applied load can be assumed
a continuous moving load if loading time is short enough.

2.2. Finite Element Model of Road. With the increased
computational capabilities, the dynamic FE analysis of
a pavement structure is a technique of considerable re-
duction in computation cost than before. A 3D FE model
was developed to analyze the dynamic response of pavement
under a moving truck tire loading.

2.2.1. Calculation Parameters. A model geometry of
9.0m× 6.5m× 4m block was created to represent a typical
four-layer roadway structure that referred to the structure of
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Figure 2: +e random dynamic load when the vehicle speed is 10m/s and road is class A road.
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Figure 3: +e actual tire-to-pavement contact.
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Beijing 6th ring road.+e information of this structure came
from Dong’s research [31]. Figure 4 shows the road model.
+e surface layer includes SMA, AC25, and AC30. +e axes
of X, Y, and Z were set align with the longitudinal, trans-
verse, and vertical direction, respectively. +e driving di-
rection was along the positive direction of X axis.

Material parameters of each structure layer were de-
termined by reference to the Specifications for Design of
Highway Asphalt Pavement (Appendix E) [33], as shown in
Table 2. +e material parameters of AC30 were estimated by
referring to the lower limit value of material parameters of
AC25. +e material viscosity was considered using Rayleigh
damping for the energy dissipation through the medium.
+e damping ratio of pavement structure is generally be-
tween 0.02 and 0.2 and is set as 0.05 [34].

2.2.2. Constrain Condition and Mesh Generation. +e three
direction movements and rotations were restrained at the
bottom of the subgrade on the model. +e normal directions
were restrained corresponding to the four sides of themodel.
In order to decrease the number of elements and reduce the
cost of computation, the interface between subbase and
subgrade was set as Tie constraint because of the small
deformation on the subgrade. A Tie constraint ties two
separate surfaces together so that there is no relative motion
between them. +e central area of the model surface was set
as the loading area, so as to reduce the effect of boundary
constraint on the simulation results.

Finer meshes were used in the loading area. +e coarser
meshes were used for the area far away from the loading area
not only to ensure accuracy but also to improve calculation
efficiency, as shown in Figure 5.

+e road model was idealized with linear hexahedral
element of type (C3D8R). +e length and width of elements
were 2 cm× 2 cm in the loading area.+e heights of elements
were 2 cm, 2.5 cm, and 3.5 cm for SMA, AC25, and AC30
layers, respectively.

2.3. Model Validation. In order to verify the road model, the
simulation results were compared with the experimental data.
+e measured strain data came from Dong’s research [31].
Dong et al. embedded the fiber Bragg grating (FBG) sensors
on the Beijing Liuhuan Expressway. +e FBG sensors were
used to measure the vertical, transversal, and longitudinal
strains of the pavement under the vehicle moving load. +e
measured vibration data came from our field test. +e self-
developed acceleration sensing nodes were embedded on
G320 road at Kunming to acquire the pavement vibration
signal generated by vehicle moving load. +e medium truck
with a total weight of 25t passed the monitoring area at
a speed of 35 km/h. +e depth of the accelerometer from the
surface of road is 8 cm.+e pavement vibration signal excited
by the front axle of this truck was chosen to compare with the
simulated data, as shown in Figure 6.

Figure 7 shows the monitoring points. +e point #A was
selected for strain and vibration response analysis. +e point

Table 2: +e material parameters of asphalt concrete pavement.

Material +ickness
(cm)

Elastic
modulus
(MPa)

Poisson’s
ratio

Density
(kg/m3)

Damping
ratio

SMA16 4 1400 0.35 2400 0.05
AC25 5 1200 0.35 2400 0.05
AC30 7 1000 0.35 2400 0.05
Gravel 38 1300 0.25 2100 0.05
Lime soil 36 600 0.3 1900 0.05
Soil 200 50 0.4 1800 0.05

Z

X Y

Figure 5: Mesh of the 3D FE model.

Acceleration
sensing node

Figure 6: +e field test on G320 road at Kunming.

SMA
AC-25
AC-30
Gravel

Lime soil
Soil

Z

X
Y

6.5 m

9 m

4 m

Figure 4: +e 3D FE model of road.
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#B was selected for strain response analysis. Figure 8 shows
the comparison between simulated data and measured data.

In Figures 8(a)–8(c), the strain curves of simulation
rebounded rapidly and did not have hysteresis after loading
because the viscoelasticity of the asphalt pavement was not
considered. However, the difference of maximum values
between the simulated and measured data is just around
15%. And the trend of strain curves matches well. +e
reasons for the deviations of strain curves were attributed to
difference in the material parameters and random vehicle
load adopted in real situation. However, the comparison still
exhibits consistency between simulated and measured data
and verifies that the numerical model used for FE simulation
is coherent.

Figure 8(d) shows only one peak for the vibration be-
cause of one-wheel loading. +e waveform initially falls and
rises rapidly to form a significant peak and then falls again.
Finally, it levels off. +ese characteristics are consistent with
the measured data trend. However, the magnitude of sim-
ulated data is 10 times larger than the experimental data.
+is is because the simulated acceleration data can only be
extracted from nodes of element by using ABAQUS pro-
gram, and the nodes have a mass close to zero. However, the
sensor node for pavement vibration monitoring has real
mass. According to Newton’s second law, the magnitude of
the acceleration of an object is inversely proportional to the
mass of the object. +erefore, the measured data were used
as a reference, and the mass scaling factor was set to 10. +e
mass-scaled simulation data match well with measured data.
+is model can be used to analyze road vibration response
qualitatively under multiple conditions.

3. Results and Discussions

+e validated FE model was adopted for various simulations
to provide additional information on dynamic pavement
performance, which might prove costly via laboratory tests
only. +e factors that would influence the dynamic

responses of pavement under moving vehicle load are
typically related with the external excitation from vehicle
load, material properties, and geometric properties of
pavement.

3.1. Influence of Dynamic Load. Vehicle parameters, speed,
weight, and road roughness have influence on dynamic load
of tire to pavement [25, 29, 35]. +erefore, the dynamic load
coefficient (DLC) was used to represent the variation of the
dynamic load, which can be calculated as

DLC �
1
Fs

������������


N
i�1 Fi −Fs( 

2

N− 1



× 100%, (12)

where Fi is the vehicle random dynamic load at the ith time
step; Fs is the static load produced by vehicles; and N is the
total time step. +e time step is 0.001 s and the total time is
0.3 s.

+e random dynamic load corresponding to different
DLC was obtained by the quarter vehicle model, as shown in
Figure 9. A larger value of DLC indicates the load fluctuates
more dramatically.

By considering the actual tire-to-pavement contact, the
random nonuniform load was applied to the road model to
acquire pavement vibration response. +e monitoring area
was the surface of SMA layer below the tire center line, as
shown in Figure 10.

Figure 11 shows the acceleration extrema of each node in
the monitoring area. +e acceleration extrema are the dif-
ference value between the maximum and the minimum
acceleration in a loading time period.

In Figure 11, the variation of the acceleration extrema is
random. +e distribution range of acceleration extrema is
larger when DLC is higher. +e median values significantly
increase with an increase in DLC, which is from 0.8 g to 1.33 g,
indicating that the number of larger acceleration extrema will
grow if the dynamic load fluctuates more dramatically.

DLC increases when the surface condition of pavement
declines. DLC increases with the increase of vehicle speed
and the decrease of vehicle weight [29, 35]. When the ex-
perimental vehicle passes the test road at the same speed, the
vehicle weight and speed can remain the same. +e dis-
tribution range of acceleration extrema is larger when DLC
is higher. +erefore, the wider distribution range of ac-
celeration extrema indicates the worst condition of road
surface.

3.2. Influence of Surface Materials. Asphalt and cement
concrete are the common materials of the pavement surface
layer, and their material properties are different. Asphalt
concrete is a flexible material while cement concrete is a rigid
one. +erefore, the influence of material properties on the
pavement vibration was analyzed by comparing asphalt and
cement concrete. Table 3 shows the material parameters of
the cement concrete [18]:

+e vibration response was compared between asphalt
and cement concrete pavements. +e monitoring points #1,
#2, and #3 of asphalt concrete pavement were placed below

Gravel

Lime soil

Soil

SMA
AC-25
AC-30

Surface

Base

Subbase

Point #A
Point #B

Monitoring points

Subgrade

Figure 7: +e monitoring points on the transverse section of the
model center.
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Figure 8: Continued.
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the tire, at the top of the SMA layer, the AC25 layer, and the
AC30 layer, respectively. +e coordinate of monitoring
points in the model of cement concrete pavement was kept
the same, as shown in Figure 12.

+e dynamic load was applied to the road model when
the road was class A road and the vehicle speed was 10m/s.
+e vertical acceleration signals of different materials were
compared at each monitoring point, as shown in Figure 13.

In Figures 13(a) and 13(b), the time-domain signal
waveform can reflect information about the properties of the

pavement materials, such as the degrees of flexibility and
rigidness. For the asphalt concrete pavement, the vertical
acceleration amplitude decreases significantly with an in-
crease in the depth. +e waveform tends to vibrate upward,
which is due to the flexibility and integrality of the asphalt
concrete pavement. +e energy of downward vibration is
absorbed by the flexible structures. On the contrary, for the
cement concrete pavement, the waveform is almost sym-
metric, and the vertical acceleration amplitude has no ob-
vious change at each point. +is is due to a high strength of
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Figure 8: +e comparison between simulated data and measured data (blue curves are simulated data and red curves are measured data).
(a)+e comparison of vertical strain. (b)+e comparison of longitudinal strain. (c)+e comparison of transverse strain. (d)+e comparison
of vertical acceleration.
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Figure 9: +e random dynamic load corresponding to different DLC.
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the cement concrete pavement. When the vehicle load acts
on the surface layer of cement concrete pavement, it acts like
a rigid plate body.

In Figures 13(c) and 13(d), the vibration frequency
of asphalt concrete pavement is mainly within 50Hz.

0.5 1 1.5 2 2.5
�e position of each node (m)

0.5

1

1.5

2

A
cc

el
er

at
io

n 
ex

tr
em

a (
g)

DLC = 4.7483
DLC = 10.9768
DLC = 16.8808

(a)

DLC = 4.7483 DLC = 10.9768 DLC = 16.8808
0.6

0.8

1

1.2

1.4

1.6

1.8

2

A
cc

el
er

at
io

n 
ex

tr
em

a (
g)

(b)

Figure 11: +e distribution of acceleration extrema under dif-
ferent dynamic load. (a) +e acceleration extrema of each node in
the monitoring area. (b) +e distribution box of acceleration
extrema.
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Figure 10: +e monitoring area.

Table 3: +e material parameters of cement concrete pavement.

Material +ickness
(cm)

Elastic
modulus
(MPa)

Poisson’s
ratio

Density
(kg/m3)

Damping
ratio

Cement
concrete 16 31000 0.15 2400 0.05

Gravel 38 1300 0.25 2100 0.05
Lime
soil 36 600 0.3 1900 0.05

Soil 200 50 0.4 1800 0.05
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Figure 12: +e monitoring points on the transverse section of the
model center between asphalt and cement concrete pavements. (a)
Asphalt concrete pavement. (b) Cement concrete pavement.
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Figure 13: Comparison of vertical acceleration signals between asphalt and cement concrete pavements. (a) Time-domain vertical ac-
celeration signals of asphalt concrete pavement. (b) Time-domain vertical acceleration signals of cement concrete pavement. (c) Frequency-
domain vertical acceleration signals of asphalt concrete pavement. (d) Frequency-domain vertical acceleration signals of cement concrete
pavement.
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According to the Parseval’s theorem, the energy of vi-
bration can be identified as the sum of squares of Fourier
amplitude. +e energy of vibration becomes smaller with
an increase in the depth. +e energy is 15.83mW at point
#1, while it is only 1.58mW at point #3. On the contrary,
the vibration frequency of the cement concrete pavement
distributes normally. +e energy of vibration is 0.42mW
at point #1′ and 0.20mW at point #2, which is far less than
that of asphalt concrete pavement. +e energy becomes
smaller with an increase in the depth, but the decrease of
energy is small. +is is due to the good integer property of
the surface layer of the cement concrete pavement.
According to the law of conservation of energy, when the
vehicle drives on the cement concrete pavement, the
vehicle suspension system absorbs more energy, which
results in the bumpiness of vehicle. But, the driving ex-
perience is good when the vehicle drives on the asphalt
concrete pavement. However, the asphalt concrete
pavement is susceptible to damage as it absorbs more
energy.

3.3. Influence of the Structure Integrity. +e pavement vi-
bration response was compared between two cases: one with
a road model that has no crack and the other with 3m-long
and 10 cm-wide by 15.2 cm-deep crack located in the base
layer, as shown in Figure 14. +e crack area of the base layer
was hollowed out according to the set size. +e crack area
was no need to mesh and define material parameter.

+e vertical acceleration signals of different structure
integrity were compared at each monitoring point, as shown
in Figure 15.

In Figures 15(a) and 15(b), the vertical acceleration am-
plitude decreases as the depth increases for the noncracked
model. However, for the crackedmodel, the vertical acceleration
amplitude first decreases and then increases as the depth in-
creases. +e vertical acceleration amplitude of cracked model is
maximum at point #3′. Moreover, the vertical acceleration
signals of cracked model have more prominent fluctuation
characteristics under moving load, which is especially evident at
point #3′ near the crack zone. +is is because the crack de-
creases the bearing capacity and stability of pavement structure.
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Figure 14: +e monitoring points on the longitudinal section below the tire center line. (a) Intact pavement. (b) Damaged pavement.
(c) Crack zone and loading area.
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In Figures 15(c) and 15(d), the frequency distribution
can reflect the information about the structure integrity of
pavement. For the noncracked model, the vibration fre-
quency of asphalt concrete pavement is mainly within 50Hz.
However, when the cracking is present, the vibration fre-
quency is not only below 50Hz but also at 250Hz.+is is due

to the cracks that change the natural frequency of pavement
structure. In addition, the energy of vibration becomes
smaller with an increase in the depth for the noncrack
model. However, for the cracked model, the damage areas
have larger vibration energy compared with the intact areas.
+e energy of vibration is maximum at point #3′ which
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Figure 15: Comparison of the vertical acceleration signals of different structure integrity. (a) Time-domain vertical acceleration signals of
asphalt concrete pavement with no crack. (b) Time-domain vertical acceleration signals of asphalt concrete pavement with crack.
(c) Frequency-domain vertical acceleration signals of asphalt concrete pavement with no crack. (d) Frequency-domain vertical acceleration
signals of asphalt concrete pavement with crack.
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reaches 30.32mW. +is leads to further expansion of the
crack and material failure. Under the same moving vehicle
load, the total energy absorbed by damaged pavement, that
is, 46.98mW, is higher than the total energy absorbed by
intact pavement, that is, 22.80mW. +is leads to a shorter
service life of the damaged pavement.

4. Conclusions

+is paper presented a numerical model for the analysis of
the pavement vibrations resulting from vehicle moving load.
+e quarter vehicle model was used to determine the ran-
dom load due to the road roughness.+e random and spatial
characteristics of the load were considered.+en the random
nonuniform moving load was applied to the 3D FE model of
the road, so as to acquire pavement vibration response. +e
vertical acceleration signals of various simulations were
analyzed to find out the potential evaluation index of
roadway service condition.

Numerical analyses showed that the vibration modes
changed considerably for the different roadway service
conditions. +e vibration signals reflect the level of road
roughness, the stiffness of the pavement materials, and the
integrity of pavement structure. +e acceleration extrema,
the time-domain signal waveform, the frequency distribu-
tion, and the sum of squares of Fourier amplitude can be the
potential index for roadway service condition evaluation.
+is provides recommendations for the application of
pavement vibration response in early-warning and efficient
maintenance of the road.

+e numerical model can be used for analysis of the
traffic-induced pavement vibration under different condi-
tions, which is helpful for the evaluation of pavement service
condition. However, there are still some improvements in
a future study. +e road model can be improved by con-
sidering the effect of ambient temperature and viscoelasticity
of asphalt. And a further analysis could be done by doing the
field test.
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-is study described a new methylene blue test to measure the methylene blue value (MBV) for 15 cohesive soils and established
the relationship between MBV and plasticity index (PI) and between MBV and percent passing No. 200 sieve (P200), respectively.
-ereafter, the soil-water characteristic curves (SWCCs) for 15 cohesive soils based on Fredlund and Xing’s model were generated
by the pressure plate test. -en, regression equations for determining the four fitting parameters in a previously developed SWCC
equation by using the measured MBV were utilized to generate the SWCC for the cohesive soils. At the same time, the slope
parameter, bf, in the SWCC equations was found to be associated with the moisture susceptibility of cohesive soils. A higher bf
value indicates that the material is more moisture susceptible. In addition, a lowerMBV/PI/P200 shows a lower suction at the same
degree of saturation; on the other hand, a higherMBV/PI/P200 presents a higher suction.-erefore, the moisture-holding capacity
of cohesive soils increases with increasing MBV, PI, and P200. Finally, the proposed estimation method was validated by
a comparison between the four determined fitting parameters from MBV and the pressure plate test.

1. Introduction

-e soil-water characteristic curve (SWCC) is a graphical
relationship between the matric suction and the water
content. It is one of the basic characteristics of partially
unsaturated soils, and as such, it is useful for estimating the
other properties of soil, when solving engineering problems
in these three classic areas: fluid flow, compressibility, and
shear strength [1]. For example, when modeling unsaturated
moisture flow beneath a highway pavement, the hydraulic
conductivity of the base course and subgrade materials, as
a function of moisture content, must be known. Since the
experimental procedures, in which a filter paper or pressure
plate test, adopted for determining the matric suction-water
content relationship, is time-consuming and cost-intensive
[2, 3], recent research has placed a major focus on an es-
timation method to predict the SWCC using some math-
ematical functions [1, 4, 5]. However, the shape of the curve
depends on many basic soil properties, such as the percent

passing No. 200 sieve (P200), plasticity index (PI), and en-
vironmentally induced factors that determine the stress
state, compaction level, and temperature. It is difficult to find
a valid and convenient mathematical expression to describe
it. However, several analytical functions for predicting the
SWCC can be found in some literatures [6–9]. -e pre-
dicting variables, including sieve analysis and index prop-
erties, display extensive variability in those literatures [10].
Some time-consuming and material-consuming experi-
ments are still necessary, including sieve analysis and
Atterberg limits. Under this circumstance, Hakan Sahin et al.
proposed a new estimation method to determine SWCC for
unbound aggregate mixtures based on the methylene blue
value (MBV) and percent fines content (PFC) [11–13].

-e methylene blue has a large polar organic molecule
C16H18N3S+ that can be adsorbed onto the negatively
charged surfaces of clay minerals. -e amount of adsorbed
methylene blue depends on the amount of the surface area of
the clay particles. -e more the methylene blue adsorbed by
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the clay particles, the brighter the methylene blue solution
will be. -e adsorbed methylene blue is able to be quantified
by assessing the color change of the methylene blue solution.
At the same time, SWCCs for cohesive soils reveal their water-
holding capacity which depends on the specific surface area of
the clay particles [9,14–18]. Based on the above description
about the methylene test, MBV reflects the specific surface
area of soil particles. -erefore, SWCCs for cohesive soils can
be predicted using the methylene blue value. Once the re-
lationship between the four fitting coefficients of Fredlund
and Xing’s model, which are shown in (1), and the MBV is
built, SWCCs for cohesive soils will be determined:

θω � C(h) ×
θs

ln exp(1) + h/af( 
bf  

cf
,

C(h) � 1−
ln 1 + h/hr( ( 

ln 1 + 106/hr( ( 
,

(1)

where θω is the volumetric water content; θs is the saturated
volumetric water content; h is the matric suction; and
af , bf , cf , and hr are fitting coefficients, which are pri-
marily a function of the air entry value, rate of water ex-
traction from the soil, residual water content, and suction at
which the residual water content occurs, respectively. Once
these four fitting parameters are determined, the SWCC for
a specific soil can be established automatically.

-is study is organized as follows: -e forthcoming
section introduces a new methylene blue test method, and
the methylene blue tests of 15 cohesive soils were completed.
Subsequently, the correlation between PI and MBV and
between P200 and MBV was proposed and analyzed, re-
spectively. -e next section builds the correlations between
the four fitting parameters of Fredlund and Xing’s model
and the MBV, which were validated subsequently. -e final
section summarizes the major findings of this study.

2. Experiments and Materials

Based on the preceding discussions, this section presents the
laboratory experiments and materials required to develop
the fitting models for the SWCCs.

2.1. Laboratory Experiments. -e sieve test and Atterberg
limit test were employed to determine the particle distri-
bution and plasticity index, respectively. At the same time,
the maximum dry density and optimum moisture content,
which were utilized to mold the soil samples for the pressure
plate test, were gained according to the Proctor test.
-ereafter, the pressure plate test was used to measure the
matric suction for different moisture contents. In addition,
the methylene blue test was used to detect the amount of fine
particles in 15 cohesive soils. -e pressure plate test and
methylene blue test are briefly introduced in the following
sections.

2.2. New Methylene Blue Test. A traditional methylene blue
test, specified in ASTMC837 [19], was used to determine the

active clay content in fine materials by measuring the
methylene blue dye content adsorbed by clay particles. -is
traditional test method contains an empirical check crite-
rion, in which the test procedures need to be repeated until
a light blue ring is found. It is time-consuming and requires
experienced personnel to operate the test, which is similar to
the method of the current specification of Test Methods of
Aggregate for Highway Engineering in China. Recently, a new
test method, which measures the MBV of soils by using the
methylene blue solution with a colorimeter, was proposed by
W.R. Grace Inc. -e advantage of this new test method is
that it is relatively simple, inexpensive, and repeatable.
Figure 1 shows the apparatus which consists of a colorim-
eter, a 150 μL pipette with a resolution of 1 μL, a dropper,
a 3mL syringe, two 50mL plastic bottles, two sample bottles,
methylene blue solution, and distilled water. In addition,
a 0.20 μm filter of the syringe, a portable balance with
a resolution of 0.01 g, a standard sieve, and a small glass tube
are also needed.

Firstly, the sample was passed through a 2mm sieve, and
20.00 g sample was taken as the initial amount. -e sample
was added to a plastic bottle with 30.00mL calibrated
methylene blue solution. -e mixture was shaken for 1min,
rested for 3min, and shaken again for 1 moremin. -ere-
after, the mixture was filtered through a 2.0 μmfilter by using
a syringe. And the mixture passing the filter was used for the
rest of the experiment. Subsequently, 30.00mL of the filtered
solution was added to a plastic bottle and filled with distilled
water until a total of 45.00 g is collected. -e newly mixed
solution was put into a small glass tube plugged into the
colorimeter, and the MBV can be measured by using the
colorimeter. It is considered that 20.00 g is a valid sample
amount, and the value of reading is valid, if theMBV reading
is smaller than 7.50mg/g. -e sample size must be halved to
10.00 g, and the test procedure should be repeated, if the
MBV is higher than 7.50mg/g. It is worth mentioning that
the total test time for a measurement is less than 10min.-e
methylene blue value (mg/g) can be calculated by (2) after
the methylene blue tests were completed:

MBV �
Ci −Cf(  × MMB

MFM
× 1000 mg /g, (2)

where Ci is the initial concentration of the methylene blue
solution; Cf is the final concentration of the methylene blue
solution; MMB is the weight of the methylene blue solution;
and MFM is the weight of the soil samples. -e average value
of three tests for one soil is selected as the final MBV.

Table 1 shows the soil amount and the corresponding
valid MBV range. It should be noted that the method using
the methylene blue solution with a colorimeter is not
suitable for soils in the case that the MBV is larger than
60mg/g. For this case, the traditional method to measure the
MBV should be adopted [19, 20].

2.3. Pressure Plate Test. -e pressure plate consists of a high-
pressure nitrogen gas bottle, a reducing valve, a pressure
cooker, a ceramic plate, and so on, which is used to measure
both matric and total suction with respect to the moisture
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content of the sample. For this test, soil samples of 618mm
diameter and 100mm height were made by a cutting ring at
compacted degree of 90% and at the optimum moisture
content. -en, the samples were put into a vacuum saturator
and were taken out 48 hours later for equilibrating the
internal moisture content.-ereafter, the mass was recorded
when there is no water on the surface of samples. Sub-
sequently, the ceramic plate was put into the pressure cooker
and saturated. -e following step was to put the saturated
sample into the pressure plate and add air pressure until
reaching a balanced state. After that, the moisture content of
the sample was measured and the pressure was read. By
repeating the above steps, the SWCC for the soil sample can
be developed.

2.4. Materials. Fifteen cohesive soils were taken from dif-
ferent field sites of Hunan Province in this study, which is
located in South China [21]. Table 2 summarizes the results
for laboratory testing. Since the MBV of the soil samples S13
and S14 is larger than 60mg/g, it was measured by the
traditional method [19, 20].

3. Correlations between MBV and PI
and between P200 and MBV

-e four fitting coefficients of Fredlund and Xing’s model
can be predicted by P200 and PI, based on the available
database. -us, it is necessary to analyze the relationship
between the MBV and PI and between MBV and P200, re-
spectively. Figure 2 presents the relationship between the
MBV and PI for the selected cohesive soils and the solid line

represents a trend line. A correlation equation is observed
between PI andMBV, as shown in (3). Witczak et al. [22, 23]
suggested subjective criteria for goodness predictions based
on the coefficient of determination (R2) values. An excellent
fit can be defined as R2≥ 0.9, a good fit covers the R2 range of
0.7–0.89, and a fair fit is defined as 0.4≤R2≤ 0.69.-erefore,
(3) is a good fit for selected cohesive soils and can provide
a relatively satisfactory correlation. -is equation indicates
that the MBV also has the ability to classify the plasticity of
cohesive soils and the positive correlation with PI:

PI � e
(2.525+0.008MBV)

R
2

� 0.72 . (3)

Simultaneously, the relationship between the P200 and
MBV was gained according to Figure 3. -e data of S2, S11,
and S12 were not considered because of their large vari-
ability. Equation (4) shows their mathematical formula,
which is a good fit:

P200 � 44.66 ln(MBV + 21.73)− 115.52 R
2

� 0.79 .

(4)

Many studies have reported that the clay mineral is a key
factor that affects the suction variation of a soil, and clay
minerals are known to have a much higher P200 than other
small mineral particles. -us, as can be seen from the above,
MBV and P200 are positively correlated. It indicates that the
higher clay mineral content corresponds to higher MBV for
soil sample, since the MBV is positively correlated with P200.

4. Regression Analysis and Validation

4.1. Regression Analysis. -e SWCCs for 15 cohesive soils
were measured by the pressure plate test, which are pre-
sented in Figure 4. -e slope of the SWCC in the middle
stage represented the suction loss ratio with increasing
moisture content in this figure. -e steeper suction slopes
represent that soil sample is more moisture susceptible.
“Moisture susceptibility” describes the rate of loss of
subgrade strength, stiffness, and resistance to permanent

Distilled waterSample bottles

Syringe

Methylene blue solution
Plastic bottles

Dropper
Colorimeter Pipette

Figure 1: Apparatus.

Table 1: Soil amount and corresponding valid MBV range.

Soil weight (g) MBV range (mg/g)
20 0<MBV< 7.5
10 7.5≤MBV< 15
5 15≤MBV< 30
2.5 30≤MBV< 60
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deformation with increasing moisture. -erefore, the
slope of the SWCCs can also be used to evaluate the moisture
susceptibility of subgrade soils. -e moisture susceptibility

of the selected soils is ranked as follows: S1>S2>S3>
S4> S5> S6> S7> S8> S15> S9> S10> S11> S12> S13> S14,
according to the comparison of the slope values of SWCCs, as
shown in Figure 4.

-e four coefficients of Fredlund and Xing’s model were
gained, according to the results of the pressure plate test, as
shown in Table 3.

To investigate the correlation between the four fitting
parameters and the MBV, the regression analysis was
performed for soil samples S1∼S14. In addition, the soil
sample S15 was used to validate the rationality of the
correlations. Each fitting parameter had a unique equation
to describe its relationship with the MBV, as presented in
(5)–(8). -e air entry value of soil, af, is formulated in (5).
-e rate of water extraction of the soil exceeding the air
entry value, bf, is formulated based on the MBV given in
(6). -e mathematical relationship describing the residual
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Figure 2: Correlation between MBV and PI.
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Figure 3: Correlation between MBV and P200.
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Figure 4: SWCCs of cohesive soils.

Table 2: Testing results.

Soil sample Liquid limit (%) Plastic limit (%) PI (%) Optimum moisture
content (%)

Maximum dry
density (g/cm3) P200 (%) MBV (mg/g) Classification

S1 43.30 26.10 17.20 11.20 1.84 52.14 18.98 ML
S2 36.10 22.70 13.40 14.00 1.88 66.80 20.18 CLS
S3 33.60 19.80 13.80 11.90 1.93 54.00 22.38 MLS
S4 35.90 19.10 16.80 11.20 1.84 51.60 27.33 CLS
S5 36.60 21.50 15.10 18.90 1.68 56.50 31.87 CLS
S6 42.50 25.00 17.50 17.20 1.75 79.10 34.64 CL
S7 44.70 28.50 16.20 15.50 1.85 73.10 37.12 CLS
S8 42.30 22.00 20.30 14.00 1.86 59.80 38.27 CLS
S9 35.80 19.30 16.50 16.00 1.92 68.70 40.45 CLS
S10 39.80 26.80 13.00 18.00 1.80 72.30 44.13 CLS
S11 35.70 16.00 19.70 11.40 1.98 64.30 54.11 CLS
S12 35.80 17.00 18.80 15.50 1.84 94.20 57.34 CL
S13 46.10 22.10 24.00 17.00 1.84 93.10 80.33 CLS
S14 56.50 30.10 26.40 23.50 1.56 95.08 94.00 CH
S15 40.90 21.60 19.30 14.80 1.87 64.30 39.97 CLS
Note.Mdenotes silt; C denotes clay; S denotes soils with sand; L andHdenote soils with a low liquid limit (nomore than 50%) and a high liquid limit (larger than 50%).
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water content of the soil, cf, is given in (7). -e mathe-
matical formula describing the suction value at the residual
water content, hr, is given in (8):

af � 27.4 ln(MBV− 9.9)− 34.7 R
2

� 0.90 , (5)

bf � 1.66e
(−0.014MBV)

R
2

� 0.72 , (6)

cf � 0.729e
(−0.057MBV)

+ 0.12 R
2

� 0.73 , (7)

hr � 2221.59 ln(MBV− 4.78)− 5024 R
2

� 0.90 . (8)

According to the above description, (5) and (8) are
excellent fits and (6) and (7) are good fits according to the
research results of Witczak et al. -ose equations can
provide a relatively satisfactory correlation. In addition, af
and hr have a positive relationship with the MBV, which
increase with the increasing MBV. On the other hand, bf and
cf have a negative relationship with the MBV, which mean
that these two fitting coefficients decrease with the in-
creasing MBV. Among the four parameters, bf is a special
one. It represents not only the moisture susceptibility but
also the slope of the SWCC.

4.2. Validation. In order to verify the rationality of the
prediction method for cohesive soils in this study, the four
fitting coefficients of SWCC from the pressure plate test and
MBV measured for soil sample S15 were compared, as
shown in Table 4. For soil sample S15, the MBV was
39.97mg/g and the four fitting coefficients af, bf, cf, and hr
gained from (5)–(8) are 51.06, 0.94, 0.20, and 2839.74, re-
spectively, and they are 51.34, 0.95, 0.25, and 2736.15
according to the pressure plate test. -erefore, the difference
is negligible for the fitting coefficients between the pressure
plate test and new prediction method by the methylene blue
test, except the residual suction value hr. However, this
difference in the residual suction values will not affect the
whole curve of the SWCCs, as shown in Figure 5. It can be
seen from Figure 5 that there is a little difference for the
initial stage with a low suction, and subsequently, two curves

are almost consistent with the increasing suctions. -us, the
accuracy of the prediction method for cohesive soils based
on the MBV is acceptable.

5. SWCCs Predicted Using the Methylene
Blue Test

Figure 6 shows the suction change with the degree of sat-
uration under six different methylene blue values. It is noted
that the suction decreases with decreasing MBV under the
same degree of saturation; on the other hand, a higher MBV
shows a higher suction under the same degree of saturation,

Table 4: Fitting parameters from test and estimation using MBV.

Soil sample S15 MBV
(mg/g)

af
(kPa) bf cf

hr
(kPa)

Parameters from MBV
39.97

51.06 0.94 0.20 2839.74
Parameters from the
pressure plate test 51.34 0.95 0.25 2736.15
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Figure 6: SWCCs with different methylene blue values.

Table 3: Fitting coefficients of Fredlund and Xing’s model.

Soil sample af (kPa) bf cf hr (kPa)
S1 28.55 1.28 2.72 941.39
S2 30.86 1.26 2.67 1097.66
S3 34.78 1.22 2.58 1361.42
S4 42.33 1.13 2.4 1870.75
S5 48.15 1.06 2.24 2262.48
S6 51.30 1.01 2.15 2474.93
S7 53.91 0.98 2.07 2651.18
S8 55.07 0.96 2.04 2728.95
S9 57.16 0.93 1.97 2870.17
S10 60.46 0.88 1.86 3092.12
S11 68.17 0.76 1.60 3611.81
S12 70.36 0.72 1.53 3759.60
S13 83.11 0.51 1.08 4618.98
S14 89.05 0.42 0.88 5019.56
S15 56.71 0.94 1.98 2839.74
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which means a high moisture-holding capacity. -erefore,
the moisture-holding capacity of cohesive soils increases
with the increasing MBV.

And at the same time, the four fitting parameters can be
expressed in terms of PI and P200, by substituting (3) and (4)
into (5)–(8). -e PI and P200 values and the corresponding
MBV are also given in Figure 6. Since theMBV has a positive
correlation with them, the moisture-holding capacity of
cohesive soils increases with the increasing PI and P200. As
mentioned above, lower PI or P200 values correspond to
lower plasticity soils and higher PI or P200 values are as-
sociated with higher plasticity soils, which has the same law
reflected in Figure 6.

-is study indicates that there is a relationship between
the four fitting parameters of Fredlund and Xing’s model
and the MBV for cohesive soils. -e MBV is easy to be
measured in a practical engineering. However, the pressure
plate test or filter paper, adopted for determining the SWCC,
is time-consuming and cost-intensive. -erefore, the four
parameters of Fredlund and Xing’s model can be predicted
by MBV in a very short time compared to other experi-
mental procedures. And this method can generate the
SWCCs for cohesive soils far more efficiently with an ac-
ceptable accuracy. Meanwhile, it can even be used in field
investigations since the methylene blue test only requires
limited portable test equipment.

6. Conclusions and Discussions

In order to more effectively determine the MBV for 15
cohesive soils, a new methylene blue test was proved. -en,
the mathematical formulations between the four fitting
coefficients of Fredlund and Xing’s model and the MBV
were developed and verified. -e major conclusions are
drawn as follows:

(1) Compared to other experimental procedures, the
new methylene blue test with a colorimeter required
fewer experimental tools and soil samples. At the
same time, the colorimeter provided an objective
way to assess the color change of the methylene blue
solution. It greatly reduces the subjective error.

(2) P200 and PI were positively related to MBV, which
indicates that the higher clay mineral content cor-
responds to higher PI or MBV for soil sample.

(3) -e fitting parameters af and hr’ were directly pro-
portional to the MBV, which increase with the in-
creasing MBV, and bf and cf were negatively related
to the MBV, which means that these two fitting
coefficients decrease with the increasingMBV.When
the MBV was measured, the four fitting parameters
can be calculated using (5)–(8), and its accuracy was
proved to be acceptable. It was more efficient to
describe the SWCC based on Fredlund and Xing’s
model by the methylene blue test compared to other
experimental procedures.

(4) -e slope parameter bf was suitable to evaluate the
moisture susceptibility of cohesive soils. -erefore,

the MBV can also be used to describe the moisture
susceptibility of cohesive soils, which can be gained
much more easily and quickly than bf.

(5) It was seen that the correlation coefficients of the
mathematical formulations between the four fitting
coefficients and the MBV were not high enough.
More cohesive soils need to be selected to modify the
formulations in the future research. In spite of this,
the difference in the results of the pressure plate test
and the prediction method using MBV was
acceptable.
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2LMEE Univ-Evry, Université Paris-Saclay, Evry, France
3CONACYT, Instituto Tecnológico de Ensenada, Ensenada, BC, Mexico

Correspondence should be addressed to Zhi-Qiang Feng; zhiqiang.feng@univ-evry.fr

Received 14 December 2017; Accepted 1 March 2018; Published 21 May 2018

Academic Editor: Qiang Tang

Copyright © 2018 Yang-Jing Zhou et al. /is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

/e bipotential theory allows us to describe nonassociated material laws. In this paper, we propose its application to the
Drucker–Prager model. With a new description of the implicit flow rules, we propose dual constitutive cones as well as five forms
of the bipotential function: the elastic stage in rate form, the plastic stage in rate form, the elastic stage in incremental form, the
plastic stage in incremental form, and the elastoplastic stage in incremental form. By combining these with the finite element
method, a numerical strategy that deals with the nonassociated Drucker–Prager model is obtained. Two examples are simulated to
verify the accuracy, the stability, and the practicability of the algorithm in civil engineering.

1. Introduction

/e exploration of the material constitutive laws plays an
important role in its numerical modeling. Much work has
been done in dealing with associated plastic materials such as
metals. A return mapping algorithm was proposed by Simo
and Taylor to simulate the behavior of associated elasto-
plastic materials [1]. On the basis of the return mapping
algorithm, many other algorithms were proposed to study
different associated constitutive laws of materials [2, 3, 4].
However, as we know, most rock-soil materials belong to the
nonassociated materials category, and their behavior is more
complex [5] because the plastic flow direction is not or-
thogonal to the yield surface. Typical methods dealing with
nonassociated rock-soils consist in generating two potential
functions: a yield function which delimits the zone of
plasticity, and the flow potential which defines the plastic
flow direction. /e use of these two potentials to describe
nonassociated rock-soils breaks the frame of orthogonality
between stress and plastic strain, which is a classical
property in solid mechanics. However, it is desirable to

obtain a unique potential which can express both the yield
and the flow rules. /e bipotential method put forward by
De Saxcé and Feng [6] achieves this goal. More recently, Sun
et al. proposed the fractional plasticity which brings some
new ideas to the study of nonassociated plasticity [7, 8].

On the basis of the Legendre transformations, the
Fenchel inequality with respect to two conjugate variables
was established [9]. According to whether the free energy
could be separated into two convex potential functions or
not, materials were divided into the generalized standard
materials (GSMs) and implicit standard materials (ISMs)
[10]. De Saxcé et al. have shown that the bipotential algo-
rithm could not only satisfy the constitutive laws of ISMs but
also meet the implicit flow requirements of material con-
jugated variables [11, 12]. Nowadays, the bipotential method
can be used to solve constitutive laws of ISMs, including
frictional contact, nonassociated metal materials, or even
nonassociated rock-soils among other examples.

Feng proposed a bipotential method combining both the
Signorini and Coulomb conditions to solve the frictional
contact [13]. De Saxcé and Feng summarized the main

Hindawi
Advances in Civil Engineering
Volume 2018, Article ID 4534750, 11 pages
https://doi.org/10.1155/2018/4534750

mailto:zhiqiang.feng@univ-evry.fr
http://orcid.org/0000-0003-1647-5249
https://doi.org/10.1155/2018/4534750


process of the bipotential algorithm and proved that the
algorithm had a high efficiency in dealing with contact issues
[14]. /e Uzawa algorithm was used to replace the
Newton–Raphson algorithm to solve the nonlinear equa-
tions. /is improved the speed of the solving strategy [15].
Others have also developed the algorithm in frictional
contact considering large deformations [16], anisotropy [17],
and impact dynamics [18].

/e bipotential method is also applied to solve the
constitutive laws of materials. On the basis of De Saxcé’s
work, Bodovillé succeeded in applying the bipotential
method in kinematic hardening models [19]. Bouby et al.
conducted a shakedown analysis, by comparing different
models with the linear unlimited, the linear limited, and the
nonlinear kinematic hardening [20]. Chaaba et al. stated the
superiority of combining the bipotential method with se-
quential limit analysis in disposing the nonassociated
nonlinear hardening models [21]. Zhou et al. compared the
accuracy and stability of the return mapping algorithm
against the bipotential algorithm in two typical non-
associated models [22]. Cheng et al. simulated the behaviors
of a hollow sphere modeled with a nonassociated material
under an isotropic loading [23]. Aiming at ductile porous
materials, the bipotential method was applied into limit
analysis and a stress-based variational model was developed.
In addition, some homogenization problems were also
studied. Bousshine et al. derived the bipotential function of
nonassociated rock-soils in detail [24]. Hjiaj et al. discussed
the singular point on the nonassociated model, keeping the
integrity of the bipotential algorithm [25]. Berga aimed at
the nonassociated plasticity of rock-soils, giving a detailed
process in establishing its bipotential function [26]. Fur-
thermore, he proposed a numerical process and simulated
some basic examples [27]. On the basis of Berga’s work,
Zhou et al. applied the bipotential algorithm in the geo-
technical context [28].

/e abovementioned investigations show some advan-
tages provided by the bipotential method in dealing with
ISMs. However, regarding the expression of the dual cone of
the Drucker–Prager model, further detail is needed to ex-
plain how the new transmission meets the implicit flow
requirements. /is paper focuses on the implicit flow laws of
the perfect elastoplastic Drucker–Prager model, detailing the
derivation process of the incremental elastoplastic bipo-
tential of the Drucker–Prager model. When applying the
bipotential algorithm into the finite element method, a large
time increment is used to conduct the numerical imple-
mentation of the nonassociated Drucker–Prager model of
the whole structure.

/is paper is structured as follows. /e cones of the
nonassociated Drucker–Prager model are introduced in detail
in Section 2. Combining them with the bipotential theory, in
Section 3, we establish the incremental bipotential function of
the nonassociated Drucker–Prager model by a deriving
strategy. Two numerical examples are proposed in Section 4,
verifying the accuracy, the stability, and the practicability of
the bipotential Drucker–Prager model implementation. Fi-
nally, Section 5 gives some conclusions of the presented work.

2. Nonassociated Drucker–Prager Model

/e nonassociated Drucker–Prager model is a classic three-
parameter model: the cohesion c, the internal friction angle
ϕ, and the dilatancy angle θ [29]. /e relations of stress and
plastic strain rate can be expressed by a Drucker–Prager
constitutive cone, which consists of the hydrostatic part and
the deviatoric part. /ey are σ � (sm, s) and _εp � ( _ep

m, _ep),
where sm � Tr(σ)/3, s � σ− sm1, _ep

m � Tr( _εp), and
_ep � _εp − _ep

m1/3, where 1 is the second-order unit tensor. In
the elastic state, the stress variable σ � (sm, s) belongs to the
constitutive stress cones Kσ , as shown in Figure 1(a). /e
expression of these stress cones is as follows.

sm

‖s‖
kd

ε̇p
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Figure 1: Cones of the nonassociated Drucker–Prager model. (a) Constitutive cones. (b) Dual cones.

2 Advances in Civil Engineering



Kσ � sm, s( 
‖s‖
kd


+ sm tanϕ≤ c , (1)

where ‖ · ‖ stands for the Euclidean norm and the kd pa-
rameter is a function of the internal friction angle ϕ as
kd � 3

�
2

√
/

����������
9 + 12 tan2 ϕ


. In the principal stress space, the

Drucker–Prager cone is the inscribed compressivemeridian of
the Mohr–Coulomb pyramid. Due to the nonassociated flow
rules of the Drucker–Prager model, the dual plastic rate cone
Kε is obtained as shown in Figure 1(a). /e regular and the
apex points on the stress cone have different flow expressions.
At a regular point, namely, (sm ≠ c/tanϕ and ‖s‖≠ 0), Kσ is
differentiable, and the flow direction Kεr can be expressed as

Kεr ∈ _e
p
m, _ep

(  _e
p
m

 � kd tan θ _ep
����

���� . (2)

At the apexpoint, namely, (sm � c/ tanϕ and ‖s‖ � 0),Kσ is
nondifferentiable, and the flow direction cannot be determined.
A convex set is used here. /ere exists a cone Kεa such that

Kεa ∈ _e
p
m, _ep

(  _e
p
m

 > kd tan θ _ep
����

���� . (3)

So, associating (2) with (3), the plastic rate cone Kε is
unified as follows:

Kε ∈ _e
p
m, _ep

(  _e
p
m

 ≥ kd tan θ _ep
����

���� . (4)

/e implicit flow laws of the nonassociated Drucker–
Prager model can be written as follows:

σ ∈ zΨKε _εp
( ,

_εp ∈ zΨKσ(σ), (5)

where ΨKσ(σ) and ΨKε(_εp) are indicator functions.
Equation (5) can also be written with the hydrostatic part

and the deviatoric part:

sm ∈ z _e
p
m
ΨKε _εp

( 

s ∈ z _epΨKε _εp
( ,

_e
p
m ∈ zsm
ΨKσ(σ)

_e
p ∈ zsΨKσ(σ).

(6)

From Figure 1(a), it can be noted that when θ � ϕ, Kε and
Kσ are dual cones, the material is associated, and the flow
direction is normal to its yield surface. If θ ≠ϕ, the material is
nonassociated, and there exists an angle ϕ− θ between the
plastic flow direction and the yield surface, as shown in
Figure 1(a). So, the implicit flow laws between stress and
plastic strain are therefore not met. /ere is a new expression
which not only satisfies the nonassociated flow rules but also
meets the constitutive requirements. Moving the stress cone
along the negative sm direction by a distance c/tan ϕ, the cone
translates from the location (sm, ‖s‖) to (0, 0), as shown in
Figure 1(b). A new stress cone K∗σ can be defined as

K
∗
σ � sm, s( 

‖s‖
kd


+ sm tanϕ≤ 0 , (7)

with K∗ε being the dual cone of K∗σ and is defined as

K
∗
ε � _e

p
m, _ep

(  _e
p
m

 ≥ kd tanϕ _ep
����

���� . (8)

According to the geometric features of Kε(_εp), K∗ε (_εp),
Kσ(σ), and K∗σ(σ) and combining them with (6), while setting
cϕ � c/tanϕ, the implicit flow laws of the nonassociated
Drucker–Prager model under new constitutive cones can
be stated as

σ ∈ zΨKε _εp
(  � zΨK

∗
ε _εp
(  + cϕ, s ,

_εp ∈ zΨKσ(σ) � zΨK
∗
σ(σ) + kd( tan θ− tanϕ) _ep

, s( .

(9)

Equation (9) is divided into a hydrostatic part and
a deviatoric part:

sm ∈ z _e
p
m
ΨK
∗
ε _εp
(  + cϕ

s ∈ z _epΨK
∗
ε _εp
( ,

_e
p
m ∈ zsm
ΨK
∗
σ(σ) + kd( tan θ− tanϕ) _ep

����
����

_ep ∈ zsΨK
∗
σ(σ).

(10)

Equation (10) is the new expression of the implicit flow
laws based on the dual cone of the Drucker–Prager model.
On the basis of the bipotential theory, we try to find
a bipotential function b(σ, _εp), which satisfies the consti-
tutive laws of the nonassociated Drucker–Prager model and
meets the requirements of implicit flow laws.

3. Bipotential of the Nonassociated
Drucker–Prager Model

In solid mechanics, many materials can be represented by
a relationship of a set of coupled variables (σ, _ε). According
to their free energy, materials are divided into generalized
standard materials (GSMs) and implicit standard materials
(ISMs) [12], where GSMs are similar to associated materials,
whose plastic flow directions are normal to their yield sur-
faces. ISMs have the same characteristics of nonassociated
materials, whose plastic flow directions and yield surfaces are
not orthogonal. Under the traditional plastic mechanics, the
expressions of their free energy are different. However, in the
framework of the bipotential theory, the materials potential
can be unified. /e energy potential of the ISM cannot be
separated. A bipotential was promoted by De Saxcé and Feng
in [6], which describes the materials free energy by dual
potentials. /e bipotential b(σ, _ε) is convex with respect to σ
when _ε remains constant and convex with respect to _ε when
σ remains constant [26]. So, there exists

GSM: ∀(σ, _ε) W(σ) + V( _ε)≥ σ : _ε,
ISM: ∀(σ, _ε) b(σ, _ε)≥ σ : _ε.

(11)

/e flow rules are therefore expressed by subdifferential
mappings:

GSM: σ ∈ zV(_ε), _ε ∈ zW(σ),

ISM: σ ∈ z_εb(σ, _ε), _ε ∈ zbσ(σ, _ε).
(12)

As shown in the section above, in the elastic state, the
bipotential of the Drucker–Prager model conforms to the
characteristics of GSMs. And, in the plastic state, the model
satisfies the features of ISMs. So, in order to establish the
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incremental bipotential function of the nonassociated
Drucker–Prager model Δbep(Δσ,Δε), a deriving strategy
from the rate form to an incremental one is applied, as
shown in Figure 2.

3.1. 0e Rate Form. In the elastic state, the bipotential
consists of two convex potentials: Ve(_εe) which is the strain
energy density and We(σ) which is the complementary
energy density. /e superscript “e” stands for the elastic
state. Due to (11), the elastic bipotential of the Drucker–
Prager model in the rate form can be expressed as

b
e σ, _εe
(  � V

e
_εe

(  + W
e
(σ)≥ σ : _ε. (13)

What is more, under the plastic state, the Drucker–
Prager model falls into the category of ISMs. According to
(11), the rate form of the plastic bipotential is

b
p σ, _εp
( ≥ σ : _ε + ΨK

∗
σ(σ) + ΨK

∗
ε _εp
( . (14)

Separating σ · _εp into a hydrostatic and a deviatoric part,
there is

σ : _ε � sm · _e
p
m + s · _e

p
+ ΨK

∗
σ(σ) + ΨK

∗
ε _εp
( , (15)

where in the hydrostatic part,

sm · _e
p
m � cϕ _e

p
m + sm − cϕ  _e

p
m. (16)

Considering (1) and (4), (16) becomes

sm · _e
p
m ≤ cϕ _e

p
m + kd tan θ sm − cϕ  _ep

����
����. (17)

/e Cauchy–Schwarz inequality is used to deal with the
deviatoric part. By combining it with (1), the following
inequality arises:

s · _ep ≤ ‖s‖ · _ep





≤−kd tan ϕ sm − cϕ  _ep
����

����. (18)

/en, from (14), (15), (17), and (18), the rate form of
plastic bipotential can be expressed as

b
p σ, _εp
(  � cϕ _e

p
m + kd( tan θ− tanϕ) sm − cϕ  _ep

����
����

+ ΨK
∗
σ(σ) + ΨK

∗
ε _εp
( .

(19)

Taking σ � (sm, s) and _εp � ( _ep
m, _ep) as partial derivatives

to (19), it is proved that the implicit flow laws can be
expressed.

3.2. 0e Incremental Form. Assume the plastic strain rate is
constant, namely, Δε � Δt · _ε. /e incremental elastic
bipotential is written as follows.

Δbe Δσ,Δεe
(  � ΔVe Δεe

(  + ΔWe
(Δσ)≥ σ : _ε. (20)

Due to the definitions of ΔVe(Δεe) and ΔWe(Δσ),

ΔVe Δεe( ) �
Δσ : Δεe

2
�
Δsm · Δee

m + Δs : Δee( 

2

�
Kc Δee

m( 
2

2
+ μ Δee






2
,

ΔWe(Δσ) �
Δσ : Δεe

2
�
Δsm · Δee

m + Δs : Δee( 

2

�
Δsm( 

2

2Kc

+
4μ||Δs||2

2Kc

.

(21)

/e elastic incremental bipotential of the Drucker–
Prager model is

Δbe Δσ,Δεe
(  �

Kc Δee
m( 

2

2
+ μ Δee

����
����
2

+
Δsm( 

2

2Kc

+
‖Δs‖
4μ

2
.

(22)

/e incremental stress is written as Δσ � σ1 − σ0, where
the subscript 0 means the initial value of an increment step
and the subscript 1 stands for the final value. From the
implicit flow laws of (12), there exists

Δεp ∈ zσbp σ0 + Δσ,Δεp( ,

Δσ + σ0 ∈ zΔεp bp σ0 + Δσ,Δεp( .
(23)

/e incremental plastic bipotential is written as

σ0 + Δσ(  : Δεp ≤ b
p σ0 + Δσ,Δεp
( . (24)

/en,

Δσ : Δεp ≤ b
p σ0 + Δσ,Δεp
( − σ0 : Δεp

. (25)

Due to (11), it can be also obtained that

Δσ : Δεp ≤ b
p Δσ,Δεp
( . (26)

From (24) to (25), the incremental plastic bipotential can
be expressed as the following inequality:

Δbp Δσ,Δεp
( ≥ b

p σ0 + Δσ,Δεp
( − σ0 : Δεp

. (27)

In addition, combining (19) and (27), the bipotential is

Δbp Δσ,Δεp
(  � cϕΔe

p
m + kd( tan θ− tanϕ) sm0 + Δsm − cϕ 

· Δep
����

����− sm0Δe
p
m − s0 : Δep

+ ΨK
∗
σ(σ)

+ ΨK
∗
ε _εp
( .

(28)

In order to combine the incremental elastic bipotential
and the incremental plastic one, a new function is proposed
as follows:

b(x, y) � b1 x, y − y′( ©yb2 x, y′( . (29)

/e symbol ©y in (29) is called the inf-convolution of
b1(x, y − y′) and b2(x, y′) with respect to the space of y. It is
defined by the following.

Elastic

Plastic

Rate form

Elastic

+

Plastic

Elastoplastic

Incremental form

Figure 2: Incremental form of the elastoplastic bipotential deriving
strategy.
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b1 x, y − y′( ©yb2 x, y′(  � inf
y′

b1 x, y − y′(  + b2 x, y′(  .

(30)

Considering the strain decomposition Δεe � Δε−Δεp,
the incremental elastoplastic bipotential can be expressed as

Δbep
(Δσ,Δε) � Δbe Δσ,Δε−Δεp

( ©ΔεpΔb
p Δσ,Δεp
( .

(31)

We could also state that

Δbep
(Δσ,Δε) � inf

Δεp
Δbe Δσ,Δε−Δεp

(  + Δbp Δσ,Δεp
(  .

(32)

And finally, from (22), (28), and (32), the expression of
the incremental elastoplastic bipotential is

Δbep
(Δσ, Δε) � inf

Δep
m≥kdtan θ Δep‖ ‖


Kc Δem −Δe

p
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2

2
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2
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Δsm( 

2

2Kc
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∗
σ(σ) + ΨK

∗
ε _εp
( .

(33)

4. Numerical Examples

With the incremental elastoplastic bipotential of the non-
associated Drucker–Prager model, a finite element method is
applied to conduct the numerical implementation.We apply the
Newton–Raphson method to solve nonlinear equations. /e
process of the strategy is demonstrated in Figure 3. At the
Gauss point level, Δσ and Δεp represent the incremental

stress and strain tensors. Dep is the local tangent matrix. At
the element level, Δinter f is the element internal force and
kT is the element tangent stiffness. B stands for the strain
matrix, depending on the element shape function. In the
global level, ΔR, ΔF, and Δinter F stand for the incremental
residual, external, and internal force vector. U and ΔU
represent the total and incremental displacement vector.
KT is the total tangent stiffness matrix. /e symbol A()

Data input

Residual force: ∆R = ∆F − ∆inter F

Solve: KT ∆U = ∆R

Constitutive integration (bipotential algorithm)
Calculate ∆σ, ∆ε p, and Dep

Element tangent stiffness: ke = ∫BT Dep Bdv
Element internal force: ∆inter f = ∫BT ∆σdv

Total internal force: ∆inter F = A {∆inter  f }
Total tangent stiffness: KT = A {ke}

Results
output
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Figure 3: Process of the Newton–Raphson strategy.
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Figure 4: Uniaxial compression/tension of the Drucker–Prager
model example.
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Figure 5: Comparison of the simulated constitutive law versus the theoretical one: (a) compression; (b) tension.
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denotes the assembling operation, and δ1 and δ2 are tol-
erances of the convergence.

For the numerical implementation, a program was de-
veloped in C++. In this section, two numerical examples are
simulated to verify the accuracy, stability, and practicability
of the proposed approach.

4.1. Example 1: Uniaxial Tension and Compression. Simple
uniaxial tension and compression examples are simulated to
verify the accuracy of the constitutive laws. Because of the
perfect elastoplasticity of the nonassociated Drucker–Prager
model, we apply a displacement uz on the body to avoid
nonconvergence, as shown in Figure 4. A kind of dolomite is
chosen in the example. /e material parameters are Young’s
modulus E � 0.5 × 105 MPa, Poisson’s ratio ] � 0.33, co-
hesion c � 30MPa, internal friction angle ϕ � 40°, and di-
latancy angle θ � 20°.

4.1.1. Constitutive Curves. /e constitutive cone of the
nonassociated Drucker–Prager model has been introduced
in Section 2, and the theoretical cone Kσ is shown in
Figure 1(a). In Figure 5, the solid line stands for the sim-
ulated results and the dashed line represents the boundary of
the stress cone. At the coordinate ‖s‖/kd − sm, the simulation
curves of compression and tension are shown in Figure 5. By
comparing the numerical curve with the theoretical one, it
appears obvious that the elastic parts are both in the cone Kσ
and that the plastic parts are on the boundary of Kσ . /is
shows that the simulation satisfies the constitutive law of the
nonassociated Drucker–Prager model.

Furthermore, dilatancy is a special property in rock-soils.
Associated flow rule leads to a nonnegligible volume ex-
pansion after the model enters a plastic stage. However,
using a nonassociated flow rule is suitable to control the
dilated value. Figure 6 shows the volume expansion under
compression/tension with different dilatancy angles. /e

q

l

h
a

b

(a) (b)

Figure 9: Geometry (a) and mesh (b) of the soil under a deep rigid strip footing.
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Figure 10: Comparing the slip bands for various dilatancy angles while locking the maximum plastic strain: (a) θ� ϕ� 30°; (b) θ� 20°; (c)
θ� 10°; (d) θ� 0°.
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constitutive simulation reveals the requirements of soil
dilatancy.

Dilatancy angle influences the constitutive curves.
Figure 7 shows the results for different dilatancy angles at the
equivalent stress σeq and the equivalent strain εeq. From
Figure 7(a), the trends of the curves conform to the char-
acteristic of perfect elastoplasticity. Maximum stress value
increases as the dilatancy angle escalates. From Figure 7(b),
we can see that the limit stress also increases slightly with
a greater dilatancy angle. What is more, a softening phe-
nomenon can be observed when the loading begins. /e
results satisfy the consequence in [24].

4.1.2. Limit Stress Analysis. In numerical fields, the explicit
algorithm introduced in [30] is a typical method for simulating
the nonassociated models. /e return mapping algorithm is
widely used in the simulation ofmaterials constitutive laws [1].
Both methods need the detailed expressions of the yield
and the plastic potential functions. In this work,
the two potential functions are defined by the yield potential
F � (sin ϕ/

�
3

√ ���������

3 + sin2 ϕ1


)I1 +
��
J2


−(

�
3

√
cosϕ/

��������

3 + sin2 ϕ


)

and the plastic potentialQ � (sinϕ/
�
3

√ ���������

3 + sin2 ϕ2


)I1 +
��
J2


−

(
�
3

√
cos θ/

��������

3 + sin2 ϕ


). When ϕ � θ, the plastic potential Q

equals F. /erefore, the model is associated. What is more, the
literature [31] gives us the analytical equivalent stress under
uniaxial compression and tension loadings. /erefore, Figure 8
gives the comparison between the bipotential, explicit, Simo–
Taylor, and the theoretical value.

Figure 8 displays the comparison of 4 algorithms on the
compression and tension example for various dilatancy angles
for stress-displacement. We limit such curves to 100 steps. As
shown in Figure 8(a), if the material is associated and if the
transition parts from elasticity to plasticity are neglected,
theoretical results are properly satisfied by three methods. As
illustrated in Figure 8(b) and Figure 8(c), when the dilatancy
angle decreases to 0 degrees, the bipotential results are still
satisfying. /e error between the return mapping algorithm
and the analytical result is smaller than 3.04%. /e explicit
simulation has a slight oscillation. In Figure 8(d), we note that
the peak stress for the three methods is nearly the same as
those of the analytical results when the material is associated.
From Figures 8(e) and 8(f), we remark that the peak stress
calculated by the bipotential method satisfies the theoretical
value when the dilatancy angle decreases. /e peak value that
the return mapping algorithm returns is 5.03% smaller than
the analytical one./e result of the explicit algorithm displays
oscillations and nonconvergence. From the analysis above,
the bipotential algorithm is more accurate and stable in
dealing with the nonassociated Drucker–Prager model.

4.2. Example 2: 0e Effect of Deep Footing. Deep footing is
a kind of structure foundation that is widely used in civil
engineering. A plane strain model is used in this example. /e
geometry of soils under deep footing is shown in Figure 9(a),
where l � 100m, h � 50m, a � 12.5m, and b � 12.5m. /e
mesh contains 1289 nodes and 608 6-node triangle elements,

as shown in Figure 9(b). A uniform pressure q � 16.0 kN/m2

is applied on the surface of the foundation trench to equiv-
alently represent the loading of the deep footing. Soil pa-
rameters are Young’s modulus E � 2.5 × 106 kPa, Poisson’s
ratio ] � 0.33, soil cohesion c � 2 kPa, internal friction angle
ϕ � 30°, and a dilatancy angle of θ � 20°.

Soil mass failure happens when the plastic band gen-
erates. Although, in this example, only a small deformation
case is considered, the slip bands can still be observed. Here,
we study the influence of different dilatancy angles for the
slip bands. By locking the maximum plastic strain at
εp � 0.01%, the slip bands can be expressed by the contour
plot of the plastic strain. Under the same value of pressure
q � 10.24 kN, the slip band zones for varying dilatancy
angles are illustrated in Figure 10. We note that with the
increase of the nonassociated property, the slip band be-
comes more distinct, which means that the phenomenon of
soil mass failure becomes more evident. In other words,
when the dilatancy angle decreases, the soil around the deep
footing slides easier. /is satisfies the results from the typical
landslide theory of soils mechanics [5].

4.3. Example 3:Modeling of theGroundSurroundingaTunnel.
/is example is concerned by modeling the ground sur-
rounding a tunnel in its cross section. /e mesh contains 498
nodes and 225 6-node triangle elements. Both the geometry
and the mesh are shown in Figure 11. In Figure 11, l � 14m,
h � 20m, and r � 6m. /e parameters of the ground are
E � 30, 000 kN/m2, ] � 0.3, c � 10 kN/m2, and ϕ � 20°. A
uniform pressure q � 10kN/m2 is given on the surface of the
ground. /e von Mises stress distribution is plotted in
Figure 12.

Comparing for different dilatancy angles, Figure 13 gives
the vertical displacement Uy curves for the top of the tunnel,
and the horizontal displacement Ux curves for the bottom
edge of the tunnel.

It can be observed that when the dilatancy angle in-
creases, Ux increases slightly as well, and Uy decreases
accordingly. In other words, the larger the θ is, the stiffer the
ground is. /is is in accordance with what happens in reality
for tunnel engineering [32]. /erefore, it is possible to apply
the proposed numerical strategy in civil engineering.

h

l

q

r

Figure 11: Geometry and mesh for the tunnel example.
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5. Conclusion

In this paper, we have proposed a numerical strategy to
simulate the behavior of nonassociated materials. From
numerical experiments, we have found the following:

(i) In the simple uniaxial tensile/compressive loading
example, the simulated constitutive cones coincide

with the theoretical ones as well as the constitutive
curves.

(ii) /e volume expansion of the material after plasti-
fication can be controlled by dilatancy angles.

(iii) From the comparisons of stress-displacement
curves calculated with different algorithms, the
bipotential method proved to be more stable and
more accurate.

(iv) In the deep footing example, slip bands with varying
dilatancy angles are compared. When the dilatancy
angle decreases, the soil around the deep footing
slides easier. /e practicability of the bipotential
algorithm in civil engineering was therefore verified.

(v) /e vonMises stress and displacements of the ground
surrounding a tunnel were properly predicted.

As a conclusion, the proposed strategy is well suited to
study the nonassociated Drucker–Prager model, and the de-
veloped program is possible to be applied in civil engineering.

Conflicts of Interest

/e authors declare that all funding programmes do not lead
to any conflict of interests regarding the publication of the
paper.

Acknowledgments

/e authors gratefully acknowledge the financial support of
the National Natural Science Foundation of China (Grant
no. 11772274) and the National Key R&D Program of China
(Grant no. 2017YFB0703200).

References

[1] J. C. Simo and R. L. Taylor, “Consistent tangent operators for
rate-independent elastoplasticity,” Computer Methods in
AppliedMechanics and Engineering, vol. 48, no. 1, pp. 101–118,
1985.

[2] R. I. Borja, Plasticity: Modeling & Computation, Springer
Science & Business Media, Berlin, Germany, 2013.

[3] J. L. Chaboche, “A review of some plasticity and viscoplasticity
constitutive theories,” International Journal of Plasticity,
vol. 24, no. 10, pp. 1642–1693, 2008.

[4] J. C. Simo and T. J. R. Hughes, Computational Inelasticity,
Springer-Verlag, Berlin, Germany, 2008.

[5] K. Terzaghi, R. B. Peck, and G. Mesri, Soil Mechanics in En-
gineering Practice, JohnWiley & Sons, Hoboken, NJ, USA, 1996.
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Based on the Particle Flow Code in Two dimensions (PFC2D), an algorithm for modeling the two-dimensional virtual asphalt
mixture was proposed in this study. By combining the AIMS scanning technology (Aggregate ImagingMeasurement System) with
the designed stochastic algorithm, the virtual coarse aggregates could be generated rapidly and precisely. Different from the
conventional methods, the contour shapes of the coarse aggregates were rebuilt only to balance the shape modeling precision and
simulation efficiency.(en by distributing the coarse particles within container, virtual skeletons were formed firstly. An innovate
algorithm was proposed afterwards to distinguish the external and internal area of the coarse aggregates and then model the
mastic part by filling the irregular hollow shape with uniformly arranged balls. By deleting the mastic balls randomly, the voids
were reconstructed consistent with the actual ratio. In the end, the virtual uniaxial compressive tests of AC-16 were simulated
within PFC2D and the dynamic modulus at different load frequencies was predicted. (e results indicated that the proposed
algorithm could not only model the asphalt mixture precisely but also characterized its mechanical behavior as well.

1. Introduction

Asphalt mixtures are three-phase structures consisting of
aggregates, asphalt binder, and air voids. It has been
highlighted by many researchers that the mechanical per-
formance of asphalt mixture was influenced by its hetero-
geneous components significantly [1–7]. Tests conducted by
Liu and Dai [8] focused on the gradation influence on the rut
resistance of the asphalt mixtures. (e results showed that
based on the Superpave Gyratory Compactors (SGC), the
optimum asphalt content is lower 0.2%∼0.5% than the one
by the Marshall method. As the aggregate size increased, the
mixtures could have larger resistance compared to the
smaller particles. Similar results were also concluded based
on the studies of Coleri et al. [9] and Gokhale et al., re-
spectively [10]. Focusing on the aggregate degradation
during compaction, several designed tests were carried out

by Airey et al. [11] to reveal the inner mechanism. In their
tests, two asphalt mixtures including a continuous and
gap-graded gradation were compacted and compared. (e
results indicated that gap-graded asphalt mixture was de-
graded more easily compared to the continuously grade
mixture. Isailović et al. [12] pointed out that asphalt ageing
played an important role in reducing the effects of material
recovery based on fatigue tests. In addition, the mixtures
prepared with additionally 0.5% of bitumen by mass showed
the best recovery characteristics compared to others. (e
void effects on fatigue life of asphalt mixture were analyzed
by Hasan and Ahmad in early 1973 [13]. (e voids within
mixtures were varied by the changes of asphalt content and
aggregate gradation.(e fatigue response of different mixtures
was investigated showing the important roles the voids played
in. Apart from the fatigue performance, the rutting-resistance,
moisture damage-resistance, and strength of asphalt mixture
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would also be influenced by air void, which was founded by
some researchers [14, 15]. Current design methods for asphalt
mixtures mostly focused on the volumetric properties (ag-
gregate gradation, asphalt content, and void) and paid little
attention on the morphological characteristics of the com-
ponents which were really hard to investigate just by labo-
ratory apparatus. It is believed that, apart from the volumetric
properties, the shapes of the inner components, especially the
aggregates, indeed have impact on the properties of asphalt
mixtures as well [16–18].

As an effective numerical technology, the Discrete-
Element Method (DEM) was proposed by Cundall [19],
and then a software named as Particle Flow Code (PFC) was
developed to help the mechanical calculation of heteroge-
neous materials, which has been widely used in many fields
[20, 21]. Not only themacromechanical behavior but also the
microresponse of the asphalt mixtures could be predicted
based on the PFC, and many virtual tests were conducted
under complex conditions for various goals by some re-
searchers [22–24]. However, prior to simulations, it is sig-
nificantly important to develop the precise virtual models
based on their volumetric and shape property which is
a guarantee for the results validations [25]. (us, many
methods were proposed for heterogeneous component re-
constitution within asphalt mixtures which fell into two
categories in general. One is the random model and another
is the image-based models. (e random models tended to
develop the virtual particles by some designed stochastic
algorithm. By changing the control parameters related to
shapes and sizes, a large number of the simplified virtual
shapes could be developed rapidly. Such methods were
proposed by Lu and Mcdowell [25], Das et al. [26], and
Zhang et al. [27]. In Lu and Mcdowell’s studies, the virtual
particles were modeled by the overlapping balls [25], and the
modeling algorithm was optimized further by Das et al. [26].
Coarse aggregates were assumed to be hexahedrons, pen-
tahedrons, and tetrahedrons by Zhang et al. [27]. By cutting
the particle clumps randomly with the help of three vari-
ables, the irregular shape was rebuilt preliminarily which was
roughly consistent with the realistic ones. (e random
models for virtual particles could be generated in larger
amounts quickly without preparing specimens in laboratory.
Although it was performed with better efficiency compared
to the image-based models, the shape modeling was not
precise enough with excessive simplifications. (e image-
basedmodels are mostly generated with the help of the X-ray
computed tomography (CT) scanning technology [28]. By
processing the component images from the scanning, the
heterogeneous materials could be reconstructed within PFC
precisely. Such methods were introduced and utilized in
some studies [29–33]. However, the use of the image-based
models are limited by the test environments and conditions
which is a barrier preventing the virtual modeling to be
conducted efficiently. First, a scanning device is must which
provides the fundamental images. Second, when rebuilding
image-based models, test specimens should be developed for
scanning in advance. (erefore, it is time-consumed and
cannot meet the needs of large amount simulation tasks.
(us, further studies are needed to optimize the particle

modeling which can be generated in quantities rapidly and
maintain the realistic shapes at the same time.

2. Objective and Scope

(e objective of this study is to rebuild the virtual asphalt
mixtures rapidly and precisely based on the Discrete-
Element Method (DEM). To achieve this, with the help of
AIMS scanning technology, an algorithm was designed for
modeling coarse aggregates, asphalt mastic, and voids. (e
relevant issues include the shape and size measurements
through AIMS, irregular particle reconstitution derived
from the standard virtual aggregates, asphalt mastic gen-
eration by irregular area judgments, random voids model-
ing, and the mechanical behavior prediction.

3. Shape Measurement through Scanning

(e AIMS apparatus was utilized to record the particle
shapes including the angularity index and size index. While
scanning the samples, coarse aggregates should be put into
slots of designed trays. With the trays rotated slowly, each
particle would go through the scanning area, and a digital
camera was set to capture their features. Shape properties of
particles were calculated and stored and could be output for
the virtual modeling within PFC2D. (e related shape
measurements are introduced as follows.

3.1. Angularity Index. Angularity index applies to coarse
aggregate sizes and describes variations at the particle
boundary that influence the overall shape. (e angularity
index quantifies changes along a particle boundary with
higher gradient values indicating a more angular shape.
Angularity index has a relative scale of 0 to 10000 with
a perfect circle having a small nonzero value as shown in
Figure 1. (e angularity index is analyzed by quantifying the
change in the gradient on a particle boundary and is related
to the sharpness of the corners of 2-dimensional images of
aggregate particles as shown in the following equation:

GA �
1

(n/3)− 1


n−3

i�1
θi − θi+3


, (1)

where θ is the angle of orientation of the edge points; n is the
total number of points; and subscript i denotes the ith point
on the edge of the particle.

3.2. Size Index. (e particle’s shortest, intermediate, and
longest lengths are measured to describe the size charac-
teristics as shown in Figure 2. (e value L is the particle’s
longest length representing the largest size in all the di-
rections. And the particle’s intermediate length w is the
largest size in the planes perpendicular to the particle’s
longest length. (e particle’s shortest length t is the largest
size of the planes perpendicular to the particle’s longest and
intermediate lengths at the same time.
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4. Algorithm for Developing Virtual
Coarse Aggregates

4.1. Standard Particles Generations. (e virtual coarse ag-
gregates were rebuilt within PFC2D as shown in Figure 3.
It is noted that with the goal of developing virtual spec-
imen rapidly and randomly, not all the particles in actual
mixtures should be scanned which would consume ex-
cessive time. It is meaningful to conduct simulations by
generating representative virtual particles with enough
irregular shapes. (us, as an effective mean, when con-
ducting other simulations, the representative virtual
particles can be generated rapidly without scanning the
components again.

As shown in (1), it is known that the angularity index
quantifies changes along a particle boundary regardless of
its size. (us, shapes were modeled firstly without size
variations. Enough coarse aggregates were selected firstly
for rebuilding the standard particles with their inter-
mediate lengths w (defined as the minimum sieve size that
the particle is able to pass) converted to 19mm compul-
sively. And the areas of all the adjusted particles were
measured. (en, the particles of other sizes were derived
from the standard ones by size adjustments. While gen-
erating the standard particles, the selected samples for
particle reconstitution should have a large angularity index
range from 1000 to 6500 which most realistic aggregates
are distributed in. (en, the shape images were processed
by filtering the redundant black pixels. Only some key
black pixels in the shape contour were retained and then
were imported to the PFC2D. (e key black pixels could
describe the boundary changes and capture the main
properties of the irregular shapes. By generating balls in the
positions of the retained pixels, the virtual particles could
be developed as a rigid body through the input Fish
command “clump,” as shown in Figure 3. 27 particles with
various angular shapes were rebuilt by the proposed

methods. More angular shapes could also be modeled in the
same way depending on the simulation needs but were not
included here. Since it is very time-consumed to rebuild
each particle in reality, the representative shape modeling,
as a more efficient mean, could save time and develop
virtual mixtures rapidly. In this study, the following pro-
posed algorithm was introduced emphatically.

Assumptions were made that there was no fracture or
break of virtual particles; thus, the inner balls of the virtual
particles could be released which could conduct the simu-
lations more effectively. (e particle surfaces would bear the
contact force and were simulated by the contour balls as
shown in Figure 3. Compared to the solid virtual particles,
the mass of the proposed methods was smaller than the
reality and should be calibrated for all virtual particles as in
the following equation.

p2 � p1 ×
m × π × r2

n × π ×(0.5/k)2
� p1 × 4 ×

m ×(rk)2

n
, (2)

where p2 is the calibrated density (g/cm3), p1 is the initial
density (g/cm3), m is the number of retained pixels, n is the
number of all the pixels in Figure 1(a), k is the scaling ratio in
image processing, and r is the radius of the ball located in the
contour (mm).

4.2. Particle Size Adjustments. Each standard particle was
coded and saved as an executable file. When generations
started, corresponding code files were evoked and executed
by PFC2D. To model the size variations, a designed controls
parameter known as Sr were embedded in the code files, as
shown in Table 1. As shown, the size ratio is defined as the
intermediate length ratio between the other grade aggregates

(a) (b) (c) (d)

Figure 1: Angularity index for various shapes. (a) 0≤ low≤ 2100; (b) 2100<moderate≤ 3975; (c) 3975<high≤ 5400; (d) 5400< extreme≤ 10000.

t

L

(a)

w

(b)

Figure 2: Size index for aggregate particles. (a) Side view; (b) top
view.

(a) (b)

Figure 3: Rebuilding virtual particles by filling contours with balls.
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and the standard ones. And the size ratios of each grade
aggregates were coded with the help of the input “urand”
value which was drawn from the uniform distributionU(0, 1
within PFC2D. Before the code files were evoked, the Sr was
determined randomly by the system leading to the size
generations. Moreover, the areas of different grades were
adjusted together by multiplying the standard particle area
with their size ratio squared.

Figure 4 shows the virtual size reconstitutions based on
standard particles. As shown, the standard particles with
19mm intermediate lengths were developed firstly, and then
the others were derived from the standard ones with same
angular shapes. By this way, 135 virtual particles with 27
angular shapes of 5 different grades were developed rapidly.

4.3. Coarse Particles Distribution withinMixture. (e virtual
asphalt mixtures were developed in 3 steps: the coarse ag-
gregate generation, the asphalt mastic filling, and the voids
modeling. It is unpractical to rebuild all the particles’ shapes
especially the numerous finer aggregates, which will exceed
the computer capacity limitations. On the other side, the
shape influences of the finer aggregates are not obvious to
some extent compared to the coarse parts. So the major
assumptions are made that the aggregates finer than
4.75mm are regarded as the part of the asphalt mastic and
are modeled by round balls directly within PFC2D.

Coarse aggregates were distributed randomly within the
container area. (e gradations of particles and the asphalt
content were calculated and converted to mapping area in
two dimensions. (e mapping area of different grades
particles were taken as control values which determined the
end time of coarse aggregate generations. (e coarse ag-
gregates distributions were conducted as follows:

(1) Determine the size of the virtual container and
develop corresponding walls to model the boundary
conditions.

(2) Start the coarse particles generation with the size
ranging from 16mm to 19mm. (e virtual particles
are generated one by one and the shape is selected
randomly by executing the particle code files.

(3) Develop three variables known as x1, y1, and rot
which is calculated as shown in (3). (ese three
variables are all drawn from the uniform distribution
with different ranges. Before a virtual particle is
generated, x1, y1, and rot embedded in the code files
are determined randomly. And then the local co-
ordinate system (coordinate system of particles) is
converted to a global coordinate system (coordinate
system of container). By using the random values of
x1, y1, and rot, the coarse particles can be generated
at a random position within the container area.

x1 � U 0, xw( ),

y1 � U 0, yh( ,

rot � U(0, 2π),

(3)

where x1 and y1 are the random x- and y-coordinates of the
initial positions, respectively; rot is the random angle of the
generated particles. xw and yh are the width and height of
the virtual containers.

(4) Check the overlap of the generated particles. Since
the particles are generated within container area one
by one. So when a particle has been generated at
a random position, it is necessary to check if it is
overlapped with the others. If there is no overlap, the
particle can be generated, else, change x1, y1, and rot
until the particle can be generated correctly;

(5) Start to generate the next particle by cycling from
step 2 to 4 until reach the required mapping area of
16–19mm particles.

By the steps from 1 to 5, the virtual particles with the size
ranging from 16mm to 19mm could be developed suc-
cessfully. (en similar processes were carried out for the
particles of other grades as shown in Figure 5. To distribute
the different grades particles correctly, the particles with
largest sizes should be generated first and then the smaller
ones. For example, start the particle generation of 16–19mm
firstly, and then followed by 13.2–16mm, 9.5–13.2mm, and
4.75–9.5mm in turns.

4.75 mm

9.5 mm

13.2 mm

16 mm

19 mm

Figure 4: Virtual size reconstitutions based on standard particles.

Table 1: Size adjustments for simulations.

Size (mm) Size ratio Controls parameter Size (mm) Size ratio Controls parameter

19 1 1 13.2–16
13.2
19

,
16
19

 
13.2
19

+
16
19
−
13.2
19

  × urand

19–25 1,
25
19

  1 +
25
19
− 1  × urand 9.5–13.2

9.5
19

,
13.2
19

 
9.5
19

+
13.2
19
−
9.5
19

  × urand

16–19
16
19

, 1 
16
19

+ 1−
16
19

  × urand 4.75–9.5
4.75
19

,
9.5
19

 
4.75
19

+
9.5
19
−
4.75
19

  × urand
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5. Algorithm for Developing Asphalt Mixture

5.1. Asphalt Mastic Modeling. (e asphalt mastic was
modeled by the uniform arranged balls with a diameter of
0.001m. As common practices, the conventional methods
tended to fill the particle external area with finer balls (mastic
part) by judging if there are balls already [27]. Because the
virtual particles in conventional methods were filled with
balls (solid shape), the external and internal areas of the
particle could be distinguished easily by balls judgments.
However, it is hard to fill in the mastic balls directly when it
comes to the coarse aggregate skeleton developed in this
study, as shown in Figure 5.(e differences were not obvious
between the external and internal particle areas which were
all irregular in shape. To fill the irregular hollow shape
(particle external area) with balls and ignore the particle
internal area, the algorithm for the asphalt mastic was in-
troduced as followed.

(1) Measure the size of total specimens to get all the
coordinate values which are prepared for filling
judgments.

(2) Develop two parameters known as kright and kleft to
record the position properties. (ey are all set zero
initially. (en check all the coordinate values from
left to right and bottom to top in turns.(e positions
will fall into four categories as shown in Figures 6–9.
Before a group of coordinate values is checked, two
parallel control lines are utilized with a 0.001m
interval (diameter of the mastic ball). Check the two
sides of the position and find the nearest entities
(walls and particle balls without mastic balls gen-
erated already) between two control lines as follows.
(e control lines were not real lines plotted in the
images but a designed routine coded in MATLAB to
help the distance judgments.

(1) If there is a nearest particle ball in the right side,
convert kright from 0 to 1, else, kright is still equal
to 0.

(2) If there is a nearest particle ball in left side,
convert kleft from 0 to 1, else, kleft is still equal
to 0.

(en the external and internal area of the particles can be
distinguished by the combination of kright and kleft. If kright
and kleft are equal to 1 and 0, respectively, the position is
between the particle clump and the left wall as shown in

Figure 5: Coarse particles distributions within the virtual container.

Control line

Virtual wall

Point A

Nearest ball in
right side

Figure 6: Distinguishing the position of mastic balls between the
particle clump and the wall on the left side.

Point A

Control line

Nearest ball in 
le� side

Virtual wall

Figure 7: Distinguishing the position of mastic balls between the
particle clump and the wall on the right side.

Point B

Control line Point A

Figure 8: Distinguishing the position of mastic balls between two
particle clumps (inside or outside the aggregates).
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Figure 6. (en the coordinate value is effective, and a mastic
ball with the diameter of 0.001m is generated here.

If kright and kleft are equal to 0 and 1, respectively, the
position is between the particle clump and the right wall as
shown in Figure 7.(en the coordinate value is effective, and
a mastic ball with the diameter of 0.001m is generated here
as well.

If kright and kleft are equal to 1 and 1, respectively, two
conditions should be analyzed, as shown in Figure 8. As
shown, the points A and B are between two particle clumps
with same kright and kleft. (e point A is inside the aggregates
while B is outside the model between two different particles.
In this condition, the nearest particle balls on both sides were
analyzed further. With the help of the command pointer, the
clump id of all the balls can be read and recognized. So
comparing the clump id of the nearest balls, it is easy to
determine whether the nearest balls belong to a same clump.
If the clump id of two balls is equal, they come from the same
particle clump. Otherwise, they belong to a different particle
clump.(us, if the nearest balls on left and right sides belong
to a same particle clump, as the point A shown in Figure 8,
the coordinate value is noneffective without any mastic balls
generated here. When the nearest balls belong to different
clumps, a mastic ball should be generated.

A specific condition should also be included as shown in
Figure 9 due to the space between coarse aggregates. kright
and kleft are 0 and 0, respectively, when the space is enough
among particles. When comes to this condition, mastic balls
should also be generated. Following the proposed rules and
coded it within PFC2D, the virtual asphalt mastic could be
rebuilt successfully as shown in Figure 10. As shown, the
uniform arranged balls were filled in the external particle
area to model the mastic while the coarse aggregates kept
same shapes and positions all the time.

5.2. Escaped Balls Deletion and Voids Modeling. Prior to
modeling the voids, enough calculation steps should be done
within PFC2D to make the ball system stable. (e mastic
balls would move continuously until reach the equilibrium
state. However, due to the initial overlaps among balls
(Figure 10), some of the mastic balls would go through the
particle boundary and then escaped. So after the ball system
reached the equilibrium state, an initial upward velocity was
assigned to all balls and then simulated for a very short time.

(e balls without any contact force during the short-time
simulation were identified as the escaped balls and should be
deleted as shown in Figure 11.

(e void content in three dimensions was converted to
mapping area in two dimensions which was the same with
the coarse aggregates and asphalt mastic. Since the diameters
of the mastic balls have been known, the number of the void
balls could be determined. By deleting the mastic balls
randomly until the number of the void balls reached re-
quirements, the virtual void could be modeled well as shown
in Figure 12(d).

5.3. Example of Generating a Virtual Specimen. (e asphalt
mixture of AC-16 was developed for simulation. (e gra-
dation of the AC-16 is shown in Table 2. Based on the
gradation, the mapping areas of three-phase structures in-
cluding the coarse aggregates, asphalt mastic, and the void
content were calculated using (4) and (5). And the results of
the AC-16 were summarized in Table 3.

M � ρ ×
π × D2

4
× h, (4)

Where M is the total mass of the specimen in three di-
mensions, g; ρ is the density of the specimen, g/cm3; D is the
diameter of the specimen, cm; and h is the height of the
specimen, cm.

When it comes to the two-dimensional specimen, the
mass can be converted as following:

m �
M

V
× S �

V × ρ
V

× D × h � Dhρ, (5)

where m is the converted mass of specimen in two di-
mensions (g), V is the total volume of the specimen in three
dimensions (cm3), S is the area of the specimen in two
dimensions (cm2), and the others are the same as those of
three dimensions.

(e void content was 4% and the asphalt content was
4.5% in mixtures. Assumptions were made that the air void
is distributed uniformly in mixtures so the void contents in
two dimensions and three dimensions can be set as a same

Point A

Control line

Figure 9: Distinguishing the position of mastic balls without any
entities nearby in two sides.

Figure 10: Filling the irregular area with balls to model the asphalt
mastic.
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Figure 11: Escaped balls deletion before random voids modelling.

(a) (b) (c)

(d) (e)

Figure 12: Modeling process of virtual asphalt mixtures: (a) aggregate skeleton; (b) uniform balls filling; (c) virtual asphalt mixture;
(d) voids modeling; (e) asphalt mastic modelling.
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value of 4%. Moreover, the densities of the coarse aggregates
and asphalt mastic were 2.7 g/cm3 and 2.0 g/cm3, re-
spectively. By the proposed algorithm, the virtual container
with a height of 150mm and a width of 100mm were de-
veloped firstly, then followed by the coarse aggregate, mastic
and void generation, respectively, within PFC2D as shown in
Figure 12.

To verify the precision of the inner components mod-
eling, the final generated area of coarse aggregates, asphalt
mastic, and voids were measured afterwards by the user-
defined routine within PFC2D.(e results were summarized
in Tables 4 and 5. As shown, the error is 5.1%, 4.7%, 2.1%,
and 1.7% for the 16mm, 13.2mm, 9.5mm, and 4.75mm
aggregates, respectively.(emodeling error decreased as the
size decreased. (is is due to the overflow of the lastly
generated coarse particles of each grade and it is inevitable.
When comes to the asphalt mastic, the modeling is signif-
icantly precise with 0.014% error only. (e sole difference
between the realistic and virtual mastic content was caused
by the rounding error in mapping area calculations.

6. Performance Prediction of the
Rebuilt Models

6.1. Experiments. Based on the Chinese test standards [34],
uniaxial compressive test was conducted to evaluate the
dynamic modulus of asphalt mixture in laboratory. (e
gradations of mixtures were shown in Table 2. And the

mixtures were formed in a cylinder container with a height
of 150mm and a width of 100mm. A Superpave gyratory
compactor was utilized to compact the asphalt mixture to
a targeted void level of 4% at the 4.5% asphalt content. (e
specimens were tested at 0°C and 138 kPa confining pressure
and the loading frequencies are 0.1, 1, 5, 10, and 25Hz,
respectively.

6.2. Simulations forDynamicModulusPrediction. (e virtual
asphalt mixtures were developed as shown in Figure 12(c).
When simulated, the top and bottom walls were modeled as
a sine load while the walls on left and right sides kept
a constant confining stress based on the numerical servo-
mechanism within PFC2D. During the simulation, the axial
deviatoric stress and axial strain were recorded together for
the dynamic modulus calculations.

According to the PFC2D manuals [35], several consti-
tutive models were used for characterizing the mechanical
behavior of the heterogeneous materials including the
contact-stiffness models, sliding models, and Burger’s
models. (e contact force in normal and shear direction
between two entities was determined by the key micro-
parameters in contact-stiffness models, known as the normal
stiffness kn and shear stiffness ks. (e sliding models were
used for slidingmovements by the frictional coefficient while
Burger’s models characterized the viscoelasticity of asphalt
part. To reduce the error of the selected microparameters,
the parameter calibrations were conducted separately for the
coarse aggregates and asphalt mastic. According to the
Chinese test standards [36], the penetration tests of the
4.75mm, 9.5mm, 13.2mm, and 16mm particles were
carried out to get the force-displacement curves.(en virtual
simulations for corresponding penetration tests were de-
veloped within PFC2D and were conducted for virtual re-
sults. By adjusting the microparameters of different size
particles continuously until the simulation curves match the
realistic, the best group of normal stiffness kn , shear stiffness
ks, and frictional coefficient could be determined as shown in
Table 6. Two kinds of contact points were defined by
Burger’s models. One is the contact point within asphalt,
and another is between the asphalt mastic and aggregates.

Table 2: Gradations for AC-16.

Gradation Passing ratio (%)for different sieving size (mm)
19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

AC-16 100 95 84 70 48 34 24.5 17.5 12.5 9.5 6.0

Table 3: Mapping area calculations for three-phase structures.

Container
area (m2)

Total mapping
area for void

(m2)

Total mapping
area for coarse
aggregates (m2)

Total mapping
area for asphalt
mastic (m2)

0.015 0.0006 0.0071 0.0073

Table 4: Summaries of the coarse aggregates.

Size (mm) 16 13.2 9.5 4.75
Required mapping
area (m2) 6.83e− 4 1.50e− 3 1.91e− 3 3.01e− 3

Generated area (m2) 7.18e− 4 1.57e− 3 1.95e− 3 3.06e− 3
Error (%) 5.1 4.7 2.1 1.7

Table 5: Summaries of the asphalt mastic and voids.

A B C D E F Error (%)
7.3e− 3 7.301e− 3 9300 10076 764 12 0.014
A: required mapping area for asphalt mastic (m2); B: generated mapping area
for asphalt mastic (m2); C: required number of balls within asphalt mastic; D:
actual number of balls within asphalt mastic before voidmodeling; E: number
of the deleted balls for modeling voids; F: number of the deleted balls which
have been escaped.

Table 6: Microparameters of selected constitutive models for
particles and walls.

Normal stiffness,
kn (N/m)

Shear stiffness,
ks (N/m)

Friction
coefficient

4.75 2.2e6 1.5e6 0.6
9.5 2.5e6 2.5e6 0.55
13.2 1.2e6 1.2e6 0.5
16 1.8e6 1.8e6 0.4
Wall 1e10 1e10 0.35
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Based on the previous studies [37], the microparameters of
Burger’s models at different contacts were shown in Tables 7
and 8.

Figure 13 shows the simulation results compared to the
laboratory tests at the test temperature of 0°C. As shown,
the virtual results have a good accordance with the truth.(e
prediction error of dynamic modulus is 12.7%, 6.7%, 6.6%,
3.8%, and 3.0% for the 25Hz, 10Hz, 5Hz, 1Hz, and 0.1Hz,
respectively. As shown in Figure 14, the predictions of phase
angle is also effective with the minor error of 12.9%, 10.6%,

7.8%, 5.4% and 4.8% for the 25Hz, 10Hz, 5Hz, 1Hz, and
0.1Hz, respectively. As the loading frequency decreased, the
error decreased obviously. (is is because the micro-
parameters for simulations were all calibrated and de-
termined by tests under the static loading rather than the
cyclic loading. So when the load frequency is low in sim-
ulations, the cyclic loading could be taken as the static
loading to some extent. When the load frequency increased,
the difference between the static and cyclic loading grew
leading to the error shown in the Figures 13 and 14. In
summaries, the developed models can well predict the dy-
namic modulus of asphalt mixture, especially at low fre-
quency, which verified the correctness of the proposed
algorithm.

7. Conclusions

(is paper proposed an algorithm for the reconstitution of the
virtual asphalt mixture based on the DEMmethods. By filling
the shape contours with balls, the virtual coarse aggregates
were developed precisely. Based on the algorithm for dis-
tinguishing the external and internal area of irregular par-
ticles, the asphalt mastic was generated properly by the
designed rules. In the end, the validation of the proposed
algorithmwas verified by the virtual uniaxial compressive test.
(e main conclusions drawn from the study are as follows:

(1) Virtual shapes were rebuilt precisely based on the
AIMS scanning. By the random control parameters,
numerous virtual particles derived from the standard
ones were developed rapidly with various shapes and
sizes. By combining the scanning technology with
the stochastic algorithm, this method can well meet
the DEM simulation needs.

(2) (e virtual asphalt mixtures were rebuilt in three
steps. Firstly, the virtual coarse aggregates were
distributed randomly to form the skeletons. (en an
innovate algorithm was proposed to distinguish the
external and internal area of the coarse particles. At
last, by filling the designed area with uniform
arranged balls and deleting mastic balls randomly,
the asphalt mastic and void could be generated
successfully. (e results shows that the proposed
algorithm can well model the inner components
consistent to the actual gradations, asphalt content,
and voids.

(3) (e validation of the developed models was verified
by the virtual uniaxial compressive test. (e error of

Table 7: Microparameters at contacts within asphalt mastic.

Kmn (Pa·m) Kkn (Pa·m) Cmn (Pa·m·s) Ckn (Pa·m·s) Kms (Pa·m) Kks (Pa·m) Cms (Pa·m·s) Cks (Pa·m·s)
1.14e3 7.92e2 1.95e6 5.58e4 3.79e2 2.64e1 6.49e5 1.86e4

Table 8: Microparameters at contacts between asphalt mastic and aggregates.

Kmn′ (Pa·m) Kkn′ (Pa·m) Cmn′ (Pa·m·s) Ckn′ (Pa·m·s) Kms′ (Pa·m) Kks′ (Pa·m) Cms′ (Pa·m·s) Cks′ (Pa·m·s)
2.27e3 1.58e3 3.89e6 1.12e5 1.51e3 5.28e5 1.30e6 3.72e4
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Figure 13: Dynamic modulus prediction based on the proposed
models.
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dynamic modulus is 12.7%, 6.7%, 6.6%, 3.8%, 3.0%,
and the error of phase angle is 12.9%, 10.6%, 7.8%,
5.4%, and 4.8% for the 25Hz, 10Hz, 15Hz, 1Hz, and
0.1Hz, respectively. It is indicated that the dynamic
modulus of the asphalt mixtures can be well pre-
dicted based on the proposed algorithm, especially at
low frequency.
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Developing an analytical solution for the consolidation of unsaturated soils remains a challenging task due to the complexity of
coupled governing equations for air and water phases. *is paper presents an equal-strain model for the radial consolidation of
unsaturated soils by vertical drains, and the effect of drain resistance is also considered. Simplified governing equations are
established, and an analytical solution to calculate the excess pore-air and pore-water pressures is derived by using the methods of
matrix analysis and eigenfunction expansion. *e average degrees of consolidation for air and water phases and the ground
surface settlement are also given. *e solutions of the equal-strain model are verified by comparing the proposed free-strain
model with the equal-strain model, and reasonably good agreement is obtained. Moreover, parametric studies regarding the
drain resistance effect are graphically presented.

1. Introduction

As a common phenomenon of civil engineering, consol-
idation is a process of decreasing soil volume when soil is
subjected to an increased stress. Understanding of this
phenomenon is vital to designs of soft soil foundations,
pavements, and other engineering structures. *erefore,
Terzaghi [1] established a classical theory for the analysis of
consolidation in saturated soft soil foundation, which is
well known in geotechnical engineering. Based on Ter-
zaghi’s theory, solutions of one-dimensional consolidation
have been derived for multilayered soils [2, 3], non-Darcy
flow [4, 5], time-dependent loading [6, 7], arbitrary
boundary [8, 9], and nonlinear deformation [10, 11]. In
practice, soft soils related to engineering are usually in
a state of unsaturation. With the great progress made,
some well-developed consolidation theories for un-
saturated soft soils have been available [12–15]. Among
these theories, Fredlund and Rahardjo’s [15] consolidation

theory is well accepted for the consolidation of unsaturated
soft soils.

Since the inception of the one-dimensional (1D) con-
solidation theory of unsaturated soft soils proposed by
Fredlund and Hasan [16], the investigations for 1D consol-
idation have been significantly progressed. By assuming
constant soil parameters during consolidation, Qin et al.
[17, 18] adopted the Laplace transform and Cayley–Hamilton
methods to obtain an analytical solution. Shan et al. [19] and
Zhou et al. [20] converted the nonlinear governing flow
equations into traditional diffusion equations and proposed
alternative solutions satisfying those converted equations. Ho
et al. [21], on the other hand, introduced exact solutions using
the eigenfunction expansion and Laplace transform tech-
niques. In addition, some general solutions that consider
various boundary conditions [9, 19, 20, 22], initial pore-water
and -air pressure distributions [9, 20], and complex time-
dependent loadings [9, 19, 20, 22–24] were also obtained in a
single soil layer. However, the soft soil foundation in practice
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is not always singly layered. For this reason, Shan [25] pre-
sented an analytical solution of unsaturated multilayered soil
with typical boundary conditions.

In subgrade and pavement engineering, vertical drains are
one of the most commonly used techniques to accelerate the
consolidation process and increase the bearing capacity of the
subgrade. It is essential to expand the consolidation theory of
unsaturated soft soils from one-dimensional vertical con-
solidation to radial consolidation. For this purpose, Conte
[26] developed a general formulation that can be advanta-
geously used to analyze consolidation under plane-strain
conditions. Ho et al. [27] discussed the excess pore-air and
pore-water pressure dissipations in the plane-strain consol-
idation of unsaturated soft soils using eigenfunction expan-
sion and Laplace transform techniques. Shortly afterwards,
the solutions of unsaturated soft soils subjected to different
time-dependent loadings were also obtained by Ho [28].

However, a lot of attempts have been made to solve the
axisymmetric consolidation model of unsaturated soft soils
particularly with analytical approaches. Among the pioneered
studies, Conte [26] introduced the finite element technique to
obtain a solution for the coupled consolidation under the
axisymmetric conditions. Qin et al. [29] dealt with the vertical
drain consolidation problem in unsaturated soft soils using
themodified Bessel functions and the Laplace transformation.
On the other hand, Zhou and Tu [30] and Zhou [31] pre-
sented the differential quadrature method (DQM) to estimate
the axisymmetric consolidation behavior in the unsaturated
soft soils. Ho et al. [32] gave an analytical solution for the
axisymmetric consolidation of unsaturated soft soils subjected
to constant external loading. *e analytical procedure em-
ploys the variable separation and Laplace transformation
techniques while capturing the uniform and linear initial
excess pore pressure distributions with depth.

Most of the models mentioned above were obtained
based on the free-strain assumption. However, the solutions
of the free-strain model are complex and inconvenient to use
in practice. In the research of saturated soft soils, Barron [33]
firstly proposed the consolidation model for vertical drains
under free-strain and equal-strainmodels.*emathematical
expressions are as follows:

cr
z2u

zr2
+
1
r

·
zu

zr
  + cv

z2u

zz2 �
zu

zt
(free-strain model),

cr
z2u

zr2
+
1
r

·
zu

zr
  + cv

z2u

zz2 �
zu

zt
(equal-strain model),

(1)

where u and u are the excess pore-water pressure and average
excess pore-water pressure, respectively; cr and cv are the
coefficients of consolidation in the radial and vertical di-
rections, respectively; r is the distance from the origin of the
vertical drain in the radial direction; z is the distance from
the surface of the foundation in the vertical direction; and t is
the time. Barron [33] pointed out that there is negligible
difference between the free-strain and equal-strain models.
After this, equal-strain assumption is frequently used in most
consolidation theories for vertical drains [34–36].

At present, there is no reference about the equal-strain
model in the research of unsaturated soft soils. *e objective
of this paper is to propose an equal-strain consolidation
model to investigate the consolidation behavior of un-
saturated soft soils. In addition, drain resistance will also be
considered in this study, and the accuracy of the equal-strain
model will be verified by comparing with the free-strain
model proposed by Qin et al. [29]. Moreover, parametric
studies regarding the drain resistance effect are also pre-
sented in this paper.

2. Problem Statements

2.1. Model Description. Figure 1 describes the details of the
representative vertical drain within an unsaturated soft soil
foundation. Dimensions of the soil system include the depth
H and the radius of the influence zone re. kw

r and ka
r are the

coefficients of water and air permeability of the foundation
in the radial direction, respectively. *e circular vertical
drain with the radius rw is installed at the center of the
influence zone. kw and ka are the coefficients of water and air
permeability of the vertical drain in the vertical direction,
respectively. A constant surcharge q is instantaneously ap-
plied on the top surface of soft soil foundation.

2.2. Basic Assumptions. *e basic assumptions are the same
as those of Fredlund’s consolidation theory for unsaturated
soft soils and Barron’s [33] consolidation theory for vertical
drains. *e other three assumptions are listed as follows:

(1) All the soil parameters are constants during
consolidation.

(2) *e strains at the same depth of the foundation are
equal (equal-strain assumption).

(3) *e distribution of excess pore-air pressure in un-
saturated soft soils is uniform.

H

z

kw

ka

kr
w kr

a krw kr
a

q

r
O

O
rw re

Figure 1: Calculation diagram of vertical drain in an unsaturated
soil stratum.
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2.3. Derivation of Consolidation Governing Equations. *e
governing equations for the consolidation of unsaturated
soft soils with vertical drains consist of water phase and air
phase equations under equal-strain conditions. In the polar
coordinate system, considering a representative element of
unsaturated soft soil foundation, with water and air flow in
and out in the radial direction during consolidation, the
derivation process is given as follows.

2.3.1. Water Phase. *e net flux of water through the ele-
ment is computed from the volume of water entering and
leaving the element within a period of time. By utilizing
Darcy’s law, the net flux of water per unit volume of the soil
can be expressed in the polar coordinate system as

z Vw/V0( 

zt
�

kw
r

cw

z2uw

zr2
+
1
r

·
zuw

zr
 , (2)

where V0 is the initial total volume of the soil element, Vw is
the volume of water in the soil element, cw is the unit weight
of water, and uw is the excess pore-water pressure.

*e net flux of water per unit volume of the soil can be
obtained by differentiating the water phase constitutive
relation with respect to time:

z Vw/V0( 
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� m

w
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z q− ua( 

zt
+ m
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2

z ua − uw( 

zt
, (3)

where mw
1k and mw

2 describe the coefficients of water volume
change with respect to a change in the net normal stress
d(q− ua) and matric suction d(ua − uw), respectively; and
uw and ua are the average excess pore-water and pore-air
pressures throughout the entire soil mass, respectively,
which can be expressed as

uw �
1

π r2e − r2w( 
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2πruw dr,
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where ua is the excess pore-air pressure.
Substituting (2) into (3), the governing equation for the

water phase can be expressed as
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where Cw
r is the coefficient of consolidation with respect to

the water phase in the radial direction (i.e., kw
r /(cwmw

2 )) and
Cw
a is the interactive constant associated with the water phase

(i.e., (mw
1k −mw

2 )/mw
2 ).

2.3.2. Air Phase. *e net flux of air through the element is
computed from the volume of air entering and leaving the
element within a period of time. *e flux of air per unit
volume of the soil can be obtained by Fick’s law as

z ρaVa/V0( 

zt
�
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r

g

z2ua

zr2
+
1
r

·
zua

zr
 , (6)

where ρa is the density of air, g is the gravitational accel-
eration, and Va is the volume of air phase.

Based on assumption 3, the distribution of excess pore-
air pressure in unsaturated soft soils is uniform. *e density
of air is a function of air pressure in accordance with the
ideal gas law. It can be expressed as

ρa �
ωa

RTat
ua, (7)

where ωa is the molecular mass of air, R is the molar gas
constant, Tat is the absolute temperature, ua is the absolute
excess pore-air pressure (i.e., ua + uatm), and uatm is the
atmospheric pressure.

Replacing the air density, ρa, in (6) with (7) gives
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rRTat

uaωag
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1− Ss( ns
ua

·
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(8)

where Ss is the degree of saturation and ns is the porosity.
*e flux of air per unit volume of the soil due to changes

in the net normal stress, d(q− ua), and the matric suction,
d(ua − uw), can be expressed by the following equation:

z Va/V0( 

zt
� m

a
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z q− ua( 
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+ m

a
2
z ua − uw( 

zt
, (9)

where ma
1k and ma

2 describe the coefficients of air volume
change with respect to a change in the net normal stress
d(q− ua) and matric suction d(ua − uw), respectively.

By substituting (8) into (9), the governing equation for
the air phase can be given as

C
a
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+ C
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z2ua
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+
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r

·
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  � 0, (10)

where Ca
r is the coefficient of consolidation with respect

to the air phase in the radial direction (i.e., ka
rRTat/

ωag[ua(ma
1k −ma

2)− (1− Ss)ns] ) and Ca
w is the interactive

constant associated with the air phase (i.e., ma
2ua/

[ua(ma
1k −ma

2)− (1− Ss)ns]).
By rearranging the governing equations of water and air

phases, the consolidation equations for water and air phases
can be written in matrix form as

Kr u,rr +
1
r
u,r  + Cu,t � 0, (11)

where u�
uw
ua

 , u�
uw
ua

 , C�
1 Cw

a
Ca
w 1 , Kr �

Cw
r 0
0 Ca

r
 ,

and ( ),r and ( ),t denote the derivatives with respect to r and t,
respectively.

2.4. Initial andBoundaryConditions. *e external radius, re,
is impervious or, because of symmetry, no water and air flow
passes this boundary; that is,

u,r

r�re
� 0. (12)

Advances in Civil Engineering 3



Excess pore pressures at the interface of soil stratum and
vertical drain satisfy flow continuity condition. *e fol-
lowing boundary condition is considered:

u,r +
rw

2
Bu,zz 

r�rw

� 0, (13)

where B �
kw/kw

r 0
0 ka/ka

r
 .

*e vertical boundary conditions are

u|z�0 � 0,

u,z

z�H
� 0,

(14)

which indicate that the top surface of the soft soil foundation
is permeable to water and air, while the bottom surface is
impermeable to water and air.

*e initial excess pore pressures are uniform throughout
the soil mass when t � 0.*ey can be calculated according to
the method given by Fredlund and Rahardjo [15]. *e initial
condition is given as follows:

u|t�0 � u0, (15)

where u0 �
uw
0

ua
0

 .

3. Solution of the Problem

3.1. General Solution. According to the boundary condition
(12), u,r has to vanish as r goes to re. An integration of (11)
with respect to r from r to re gives

u,r � φ(r)K−1r Cu,t, (16)

where φ(r) � 1/2((r2e/r)− r).
*en, an integration of (16) with respect to r in interval

[rw, r] results in

u �u|r�rw
+ ϕ(r)K−1r Cu,t, (17)

where ϕ(r) � [(1/2)r2e ln(r/rw)]− [(1/4)(r2 − r2w)].
Incorporating (17) into (4) to replace u for u, we have

u �u|r�rw
+ ψK−1r Cu,t, (18)

where ψ�(r2w/n2−1)((1/2)n4 ln n−(3/8)n4+(1/2)n2−(1/8)).
*e boundary condition of u,zz at rw can be expressed as

follows by combining (13) and (16):

u,zz

r�rw
� −

2φ rw( 

rw
B−1K−1r Cu,t. (19)

Substituting (19) into (18) results in

u,zz

r�rw
�

1
κ2
B−1 u|r�rw

− u , (20)

where κ�(rw/n2−1)
�������������������������������
(1/2)n4 ln n−(3/8)n4+(1/2)n2−(1/8)


.

General solution for u| r�rw
can be written as products

of functions with respect to dimensions z and time t. In
addition, based on the homogeneous boundary conditions
for the depth given in (14), the eigenfunction of u| r�rw

is
sin(Mz/H). Hence,

u|r�rw
� 
∞

m�1

2
M

sin
Mz

H

κM

H
 

2
B + I 

−1

T, (21)

where I is the identity matrix and M � [(2m− 1)/2]π.
*e average excess pore pressure u can be written as

follows by substituting (21) into (20):

u � 
∞

m�1

2
M

sin
Mz

H
T. (22)

By substituting (21) and (22) into (18), the characteristic
equation can be obtained using the orthogonality of sine
function, as shown below:

T,t �
1
ψ
C−1Kr I−

κM

H
 

2
B + I 

−1⎧⎨

⎩

⎫⎬

⎭T. (23)

Based on the orthogonality of the sine function, the
initial condition of T can be obtained by the initial condition
of u as

T|t�0 � u0. (24)

According to the initial condition (24), (23) can be
solved as

T � e
−Dtu0, (25)

where D �(1/ψ)C−1Kr [(κM/H)2B + I]−1 − I .
Combining (21), (22), and (25) and substituting (21)

and (22) into (17) give the solutions of u and u as shown
below:

u � 
∞

m�1

2
M

sin
Mz

H
e
−Dtu0, (26)

u � 
∞

m�1

2
M

sin
Mz

H

×
⎧⎨

⎩ 1 −
ϕ(r)

ψ
 

κM

H
 

2
B + I 

−1

+
ϕ(r)

ψ
I
⎫⎬

⎭e
−Dtu0.

(27)

After solving u, the average degree of consolidation for

water and air phases (i.e., Ue �
Uwe
Uae

 ) can be obtained as

follows:

Ue � F−
1
H
E−1 

H

0
u dz � F−E−1 

∞

m�1

2
M2e
−Dtu0, (28)

where E �
uw
0 0
0 ua

0
  and F �

1
1 .

Based on Fredlund’s theory, the volume change is given
by the following constitutive equation for unsaturated soft
soils [15]:

zεv
zt

� m
s
1k

z q− ua( 

zt
+ m

s
2
z ua − uw( 

zt
, (29)
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where εv is the volumetric strain, ms
1k � mw

1k + ma
1k is the

coefficient of volume change with respect to a change in net
normal stress, and ms

2 � mw
2 + ma

2 is the coefficient of volume
change with respect to a change in matric suction.

*e ground surface settlement Se of the unsaturated soft
soil can be computed as

Se � 
H

0


t

0

zεv
zt

dt dz � HG I−
∞

m�1

2
M2e
−Dt⎛⎝ ⎞⎠u0, (30)

where G � ms
2 ms

1k − ms
2 .

*e normalized settlement, denoted as Sne, can be de-
termined based on the volumetric strain εv provided in (30):

Sne �
Se

S∞e
�

1
Gu0

G I−
∞

m�1

2
M2e
−Dt⎛⎝ ⎞⎠u0, (31)

where S∞e is the ultimate ground surface settlement when
the pore pressures dissipated entirely (i.e., S∞e �

H[ms
1kua

0 + ms
2(uw

0 − ua
0)]). As can be seen from (31), Sne is

also the total degree of consolidation which is dominated by
both air and water phases.

3.2. A Special Case. When the effect of drain resistance
is neglected, the permeability of drain well is endless,
videlicet kw and ka tend towards infinity, which yields
[(κM/H)2B + I]−1→ 0. Parameter D can be rewritten as

D � −
1
ψ
C−1Kr. (32)

Based on the theory of series, the following can be
obtained:


∞

m�1

2
M

sin
Mz

H
� 
∞

m�1

2
M2 � 1 (0< z≤H). (33)

By substituting (32) and (33) into (26–28) and (30) and
(31), the solutions can be simplified to

u � e
(1/ψ)C−1Krtu0, (34)

u �
ϕ(r)

ψ
e

(1/ψ)C−1Krtu0, (35)

Ue � F−E−1e(1/ψ)C−1Krtu0, (36)

Se � HG I− e
(1/ψ)C−1Krt u0, (37)

Sne �
1

Gu0
G I− e

(1/ψ)C−1Krt u0. (38)

*e equations from (34) to (38) are the simplified so-
lutions in which the effect of drain resistance is neglected.

4. Analysis of Consolidation Behavior

In this study, the accuracy of the proposed equal-strain
consolidation model in the unsaturated soft soils is

investigated by comparing with the free-strain model. *e
consolidation behavior and influence factors are also dis-
cussed in this section. Following Fredlund and Rahardjo [15]
and Conte [26], the consolidation parameters adopted in this
study are listed as follows:

(i) Mechanical parameters

ns � 0.5, Ss � 0.8, mw
1k � −5× 10−8 · Pa−1, mw

2 � −2 × 10−7·
Pa−1, ma

1k � −2× 10−7 ·Pa−1, ma
2 � 10−7 · Pa−1, kw

r � 10−10 m/s,
ka
r � 10−7 m/s, kw � 10−7 m/s, and ka � 10−4 m/s.

(ii) Fundamental constants of physics

Tat � 298.15K, R � 8.314 J/mol · K, uatm � 101.3 kPa,
ωa � 29 g/mol, g � 9.8m/s2, and cw � 104 N/m3.

(iii) Geometrical parameters

rw � 0.2m, re � 1.8m, and H � 10m.

(iv) Other parameters

q � 100 kPa, uw
0 � 40 kPa, and ua

0 � 20 kPa.
*e above parameters are assumed to be constant

during the consolidation process. An instantaneous com-
pression induced by the external applied load q generates
initial excess pore-water and pore-air pressures (i.e., uw

0
and ua

0, resp.). Considering that the soil is loaded three-
dimensionally under isotropic conditions, changes in excess
pore pressures can be determined using a method given by
Fredlund and Hasan [16].

4.1. Verification. *e validity of the equal-strain model had
been verified in the saturated soft soils. In this section, the
validity of the proposed equal-strain model in the un-
saturated soft soils will be verified as well. For this purpose,
the special consolidation case without considering drain
resistance is analyzed by using the proposed equal-strain
solution and one available free-strain solution [29].

Figures 2(a) and 2(b), respectively, demonstrate changes
in the average degrees of consolidation of air and water
phases with different ratios of ka

r /k
w
r under the equal-strain

and free-strain conditions. It is worth noting that the air
permeability kar is varying while the water permeability kw

r is
kept constant at 10−10 m/s. In addition, the time factor is
defined as T � Cw

r t/H2. It can be observed from the figures
that the results obtained from these two different models are
in good agreement with each other. *e slightly large dif-
ference between the two models is mainly found at the
earlier stage of the consolidation process. Moreover, it can
be seen that with an increase of ka

r /k
w
r , the average degrees

of consolidation increase gradually for both air phase andwater
phase. With an increase of consolidation time T, the curve of
average degree of consolidation for water phase gradually tends
to be consistent. *is is because the pore-air pressure almost
completely dissipates at the early stage of consolidation.

Figures 3(a) and 3(b) represent the difference of average
consolidation degree between equal-strain model and free-
strain model varying with T in different ka

r /k
w
r values. As

observed from Figure 3(a), the maximum difference (slightly
more than 3%) between twomodels for air phase is mainly at
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the earlier stage of consolidation before the excess pore-
water pressure begins to dissipate. Inversely, the maximum
difference in the water phase is mainly near the end of the air
dissipation, as shown in Figure 3(b). In brief, there is
negligible influence on the difference between equal-strain
condition and free-strain condition with different ratios of
ka
r /k

w
r . It shows that the equal-strain model is efficient in

solving the unsaturated soil consolidation problem. Also, the
solution is convenient for engineering application.

4.2. Influence of Drain Resistance. Figure 4 represents the
degrees of consolidation of air and water phases and nor-
malized settlement varying with T under different values of
rw. *e influence radius re � 1.8m is adopted in this in-
vestigation. Figure 4(a) shows the degrees of consolidation of
air phase varying with different values of rw as time elapses.
It is obvious that the consolidation proceeds more quickly
with the increase of rw. As the radius of vertical drain in-
creases, the radial drainage area will be indirectly increased,
which accelerates the process of consolidation. Figure 4(b)
shows the degrees of consolidation of the water phase with
different values of rw. As observed, the rate of consolidation
of water phase at the initial stage proceeds more quickly
because of increasing rw. After the excess pore-air pressure

dissipated almost completely, a plateau period may occur in
the excess pore-water pressure patterns. At the later stage, the
rate of water phase consolidation is similar to the initial stage.
Besides, it can also be found that the excess pore-air pressure
dissipated faster than that of the excess pore-water pressure
because the permeability of air phase is greater than water
phase both in the vertical drain and unsaturated soft soil
foundation. Figure 4(c) presents the normalized settlement
against time factorTwith different values of rw.*e settlement
process is similar to the consolidation process of water phase.

Figure 5 demonstrates changes in excess pore pressures
and normalized settlement with different ratios of ka/kw.
Figure 5(a) illustrates the dissipation curves of excess pore-
air pressure varying with T in different ratios of ka/kw. As
observed, when ka/kw increases, the excess pore-air pressure
tends to dissipate faster. When ka/kw is very high, for in-
stance, ka/kw � 103, the excess pore-air pressure may dis-
sipate instantaneously. Figure 5(b) shows the dissipation
curves of excess pore-water pressure varying with ka/kw

when time elapses. It is evident that the dissipation at the
initial stage of consolidation proceeds more quickly as
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Figure 2: Average degrees of consolidation of (a) air phase and
(b) water phase varying with different ratios of kar /k

w
r .
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a result of increasing ka/kw. After the excess pore-air
pressure diminished almost fully, a plateau period may
occur in the excess pore-water pressure patterns when
ka/kw > 1. It should be noted that the greater the ratio of
ka/kw is, the longer the plateau gets. Lastly, the curves of
excess pore-water pressure dissipation converge to a single
curve, and complete dissipation occurs at approximately the
same time. Figure 5(c) shows the variations of the nor-
malized settlement against time factor T with different ratios
of ka/kw. It is worth noting that Sne patterns consist of double
inverse S curves when ka/kw > 0.1, similar to the excess pore-
water pressure dissipation process. *e initial stage of
consolidation is governed by the simultaneous dissipation of
both excess pore-air and pore-water pressures, and once the

excess pore-air pressure is fully dissipated in the soft soil
system, Sne patterns converge to only one curve and grad-
ually approach 1 at the later stages. More remarkable, after
the plateau period, the consolidation behavior is dominated
by single phase (water phase) and the consolidation re-
sembles to the classical Terzaghi’s consolidation [1].

By comparing Figure 4 with Figure 5, the variation of
vertical drain radius makes the normalized settlement Sne
a great change in the whole period of consolidation. In
contrast, the difference of normalized settlement Sne between
different air permeabilities ka is mainly observed before the
plateau period. *is is because the change of the radius of
vertical drain influenced all period of consolidation process.
However, the change of the air permeability of vertical drain
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Figure 4: Degrees of consolidation of (a) air phase, (b) water phase,
and (c) normalized settlement varying with different values of rw.
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Figure 5: Degrees of consolidation of (a) air phase, (b) water phase,
and (c) normalized settlement varying with different ratios of ka/kw.
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only had significant influence before the plateau period.
After the plateau period, the consolidation process is
dominated by water phase.

5. Summary and Conclusions

*e equal-strain model established in this paper has a negli-
gible difference for average degree of consolidation compared
with the free-strain model. Parametric studies regarding well-
resistance effect are graphically presented and discussed, and
the key findings are summarized as follows:

(1) *e solutions calculated from the equal-strain model
show good agreement with that obtained from the
free-strain model. *e main difference between the
two models is mainly found at the earlier stage of
the consolidation.

(2) *e higher the ratio of ka
r /k

w
r is, the faster the

consolidation is. With an increase of consolidation
time T, the curve of average degree of consolidation
for water phase gradually tends to be consistent.

(3) With the increase of ka/kw, the excess pore-air and
-water pressures tend to dissipate faster. After the
excess pore-air pressure dissipated almost com-
pletely, a plateau period occurs in the excess pore-
water pressure patterns when ka/kw > 1. It should be
noted that the greater the ratio of ka/kw is, the longer
the plateau gets.

(4) Both the water and air phases of consolidation
proceedmore quickly with the increase of rw, and the
change of the radius of vertical drain influenced all
period of consolidation process.
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Laboratory investigations of relaxation damage properties of high viscosity asphalt sand (HVAS) by uniaxial compression tests
and modified generalized Maxwell model (GMM) to simulate viscoelastic characteristics coupling damage were carried out. A
series of uniaxial compression relaxation tests were performed on HVAS specimens at different temperatures, loading rates, and
constant levels of input strain. -e results of the tests show that the peak point of relaxation modulus is highly influenced by the
loading rate in the first half of an L-shaped curve, while the relaxationmodulus is almost constant in the second half of the curve. It
is suggested that for the HVAS relaxation tests, the temperature should be no less than −15°C. -e GMM is used to determine the
viscoelastic responses, theWeibull distribution function is used to characterize the damage of the HVAS and its evolution, and the
modified GMM is a coupling of the two models. In this paper, the modified GMM is implemented through a secondary de-
velopment with the USDFLD subroutine to analyze the relaxation damage process and improve the linear viscoelastic model in
ABAQUS. Results show that the numerical method of coupling damage provides a better approximation of the test curve over
almost the whole range.-e results also show that the USDFLD subroutine can effectively predict the relaxation damage process of
HVAS and can provide a theoretical support for crack control of asphalt pavements.

1. Introduction

Relaxation modulus is a main viscoelastic parameter of an
asphalt mixture and is used as an important basis for
evaluating and analyzing the performance and predicting the
long-term stability of a pavement. -erefore, an accurate
determination of the relaxation modulus is very important.
In general, the time effect in a viscoelastic material is mainly
caused by the temperature, the load, the stress level, and the
loading pattern. At the stages of construction and operation
of a road, the stress level and the loading rate of the asphalt
mixture are different. -e rheological properties of the as-
phalt mixture are affected by the temperature, the vehicle
load, and the vehicle speed. -e stress in the pavement
gradually dissipates with the passage of time, and stress
relaxation occurs. When the temperature is very high, the
stress accumulated in the pavement will dissipate quickly
because of the stronger relaxation ability. However, when

the temperature is lower, the stress accumulated in the
pavement will dissipate slowly because of the poor relaxation
ability, and cracks may occur when the final stress is greater
than the ultimate strength of the material [1]. It is necessary
to study the viscoelastic properties of asphalt mixtures by
relaxation tests in order to control the development of this
disease in pavements.

Since the pioneering work of stress relaxation [2], there
has been an increase of interest in this field [3–6]. Now-
adays, there are two popular solutions for the determi-
nation of the relaxation modulus, one method is through
the relaxation tests (the direct method) and another
method is by the interconversion from the creep compli-
ance (the indirect method) [7]. Hopkins and Hamming [8]
discretized the time domain and established an iterative
expression between the relaxation modulus and the creep
compliance which was obtained from creep tests and can be
transformed to relaxation modulus. However, the indirect

Hindawi
Advances in Civil Engineering
Volume 2018, Article ID 1498480, 12 pages
https://doi.org/10.1155/2018/1498480

mailto:yuanxuezhong1@163.com
http://orcid.org/0000-0001-9058-2996
http://orcid.org/0000-0001-9337-3073
https://doi.org/10.1155/2018/1498480


method is comparatively complicated [9]. In the past, stress
relaxations were researched mainly through uniaxial ten-
sion tests and bending tests. In fact, the pavement surface of
asphalt concrete is generally subjected to compression load.
Now, a direct compression relaxation test can be carried out
with the improvement of experimental technologies, with
its loading pattern being analogue to the actual loading
pattern. Hence, a reliable analytical solution for the de-
termination of the relaxation modulus by uniaxial com-
pressive relaxation tests with high viscosity asphalt sand
(HVAS) is proposed in this paper. As suggested in the
literatures, the direct compression relaxation modulus tests
were carried out to get more accurate relaxation modulus.

-ere are initial cracks and voids in the asphalt mix-
ture, which leads to the deterioration and damage of the
materials. For such heterogeneous material as the asphalt
mixture, the statistical Weibull damage model was used to
reflect the deterioration of the asphalt mixture [10], and
the damage probability of the asphalt mixture was de-
scribed by the Weibull function [11]. Although ABAQUS
provides a large number of unit libraries and solving
models for users, it is inevitable that the general software is
deficient in some certain fields. In view of this, ABAQUS
provides a large number of user-defined subroutines to
define the model [12]. During the secondary development
of the UMAT subroutine, Yang [13] compiled the
Mohr–Coulomb interface subroutine basing on the
Rankine criterion. -e results are consistent with the
FLAC-3D calculation results, which indicate that the
subroutine is of great value in guiding engineering
practice. Fu [14], on the basis of the user material sub-
routine provided by UMAT, developed a modified Bur-
gers creep model subroutine. It was proved that the
subroutine could distinguish the viscoelastic deformation
of the asphalt mixture correctly and made up for the
deficiency of ABAQUS creep model [15]. Although the
above researches demonstrate that the UMAT subroutine
performs well in the fields of compression creep, the
subroutine needs to determine the stress increment ma-
trix, so the compilation process is rather complicated.
With the aid of a simpler interface subroutine USDFLD
(user subroutine to redefine field variables at a material
point), the ABAQUS GMM is more suitable for a sec-
ondary development, which is used in the simulation of
stress relaxation in this paper.

2. Experimental Program

2.1.%eory. Direct compression relaxation tests, at constant
levels of input strain, were carried out on the specimens.-e
definition of the constant level of input strain at a given time
t is

ε �
0 t< 0

ε0 t≥ 0.
 (1)

Due to the relaxation nature of the HVAS, themagnitude
of the deformation is constant according to the preset
program. -en the relaxation modulus can be calculated as

E(t) �
F

A · ε0
, (2)

where F is the load (kN), ε0 is the constant level of input
strain, and A is the cross-sectional area of the specimen
(mm2).

2.2.Material Properties. A 70 penetration bitumen was used
as asphalt binder for preparations of the specimens.
Limestone was used as the aggregates. -e ratio of binder to
aggregates is 8.1% by weight. -e continuous aggregate
gradation, having the nominal maximum size of 10mm, is
listed in Table 1. An additional 1% activated rubber crumb
and 0.7% TCA additive of the mass of asphalt mixture were
added during the blending process.

2.3. Specimen Preparations. Track plate specimens manu-
factured by wheel rolling which agree with the standard test
method [16] were cut into small beams with the dimensions
of 30× 35× 250mm3.

As confirmed by the previous research, the specimen was
proposed to be cylinder or nearly cube prism [15]. Since the
desirable height to diameter ratio of a specimen was 2 [17],
each beamwas cut into 30× 35× 70mm3 prism specimens to
reduce the size effect.-e specimens were polished to reduce
the error in the loading area, as shown in Figure 1. During
the polishing, the air blew continuously on the surface to
help remove the debris generated.

2.4. Determination of Constant Levels of Input Strain for
Relaxation Tests. Before the relaxation tests, the uniaxial

Table 1: Gradation.

Sieve size (mm) Passing percentage
9.5 100
4.75 80.4
2.36 45.2
1.18 35.3
0.6 22.2
0.3 17.3
0.15 12.4
0.075 7.6

Figure 1: Prism specimen.
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compression strength tests were carried out, and the di-
agonal failures of specimens under compression are shown
in Figure 2.

-e stress-strain data of the compression failure tests at
different loading rates were collected, and the diagrams are
shown in Figure 3.

-e constant level of input strain is a key parameter in
the relaxation test. It should be noted that, in the uniaxial
relaxation test, there was no standard evaluation method for
defining the constant level of input strain until Walubita
et al. [18] proposed that 20% of the maximum strain in
a compressive test should be defined as the input strain. -e
constant level of input strain was calculated to characterize
the viscoelastic behaviour of the HVAS within the un-
damaged limit. In general, it is widely accepted that the
specimens are not damaged before the peak point of the
stress-strain diagram. During the relaxation experiment,
when the constant level of input strain varied from low to
high, the property of the asphalt mixture changed from linear
viscoelasticity to viscoplasticity [19]. Under the small-strain
condition, the specimen was assumed to be not damaged (the

strain level was within the linearly viscoelastic range), so the
constant level of input strain was conservatively assigned 10%
of the strain at the maximum stress in our experiment. -e
corresponding displacement at the maximum stress, at the
loading rates of 15mm/min and 25mm/min, respectively,
was obtained from Figure 3 as 3.003mm and 4.053mm,
respectively. -e input displacements were set at 0.3mm and
0.4mm, respectively, after the rounding off.

2.5. Uniaxial Compression Relaxation Tests. -e stress re-
laxation test is an experimental method for the determination
of the viscoelastic parameters of materials, which is com-
monly used to evaluate the stress relaxation properties of
materials. -e stress response depends on the loading history
as the viscoelastic material has the memory effect. Hence, the
effects of loading process on the relaxation modulus were
investigated. -e direct compression relaxation modulus
tests, at five constant levels of input strain of 0.004285,
0.012857, 0.021428, 0.042857, and 0.085714 (corresponding
to the input displacements of 0.3mm, 0.9mm, 1.5mm,

(a) (b)

Figure 2: Diagonal failures of specimens under compression.
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Figure 3: Stress-strain diagrams at different loading rates at 15°C. (a) 15mm/min. (b) 25mm/min.
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3mm, and 6mm), four temperatures of 15°C, −5°C, −15°C,
and −25°C, four loading rates of 5mm/min, 15mm/min,
25mm/min, and 50mm/min, were conducted on each
specimen; thus, a total of 144 tests were performed. After the
specimen was put into the environmental chamber, the
temperature was increased to the expected value. In order to
reach thermal equilibrium inside the specimen, it should be
conditioned for 4 hours or more. Vaseline was applied on the
surface of the sample to reduce the friction and the boundary
effect. -e specimen was placed between the pressure head
and the base of a WDW universal material testing machine,
and then the constant level of input strain was applied.

3. Test Results and Analysis

3.1.CompressionRelaxationTests at 15°C. Figure 4 shows the
effects of the loading rates on the relaxation moduli at 15°C
as the input strain varies from 0.004228 to 0.08571.

As shown in Figure 4, the relaxation modulus of the
HVAS at 15°C has an L-shaped curve over a wide range of
time, and the modulus decreases sharply in the first half of
the curve and then remains nearly constant in the second
half. -e L-shaped curve also agrees with the relaxation
properties very well. During the test (Figures 4(a) and 4(b)),
when the constant level of input strain was relative small, no
obvious deterioration was observed in the specimen. As the
loading rate increases, the speed of stress accumulated ex-
ceeds than that of dissipation, which leads to the increase of
the peak point of the relaxation modulus. -e peak point of
relaxation modulus is highly influenced by the loading rate
in the first half of the L-shaped curve, while the relaxation
modulus is almost constant in the second half of the curve.
-e effect of the loading rate on the peak point of the re-
laxation curve is obvious with a larger constant level of input
strain. When the input strain is less than 0.012857 (Figure 4
(a)), the peak point of the relaxation modulus increases
proportionally to the loading rate because the material is in
the elastic stage. However, when the input strain is larger
(Figures 4(c)–4(e)), the peak point does not increase pro-
portionally to the loading rate, and at 50mm/min loading
rate, it is not even the maximum modulus because the
material is in the plastic stage.

In the first half of the L-shaped curve, the relaxation
modulus increases with the input strain (Figures 4(a)–4(d)).
However, comparing Figures 4(d) and 4(e), when the input
strain exceeds 0.042857, the peak point of the relaxation
modulus decreases with higher input strain because the
material is in the plastic stage. -is fact confirmed that the
damage of the specimen contributes to the decrease of the
relaxation modulus because the stress exceeds the linear
viscoelastic limit.

3.2. Compression Relaxation Tests at −5°C. -e variation
tendencies of the relaxation moduli of the HVAS, at a test
temperature of −5°C, are similar to the previous tests, but the
relaxation moduli increase significantly at the same loading
rates and the constant levels of input strains, as shown in
Figure 5. -e capacity of relaxation can be expressed by the

rate of change of the relaxation modulus; the higher the rate
of change, the stronger the relaxation capacity. Comparing
the two groups of the graphs of the effects at 15°C and −5°C
(Figures 4 and 5), the HVAS has a poor relaxation capacity at
−5°C, and this is resulted from the low temperature, at which
the stress has accumulated significantly. For example, as
shown in Figures 4(d) and 5(d), when the input stain is
0.042857 at the loading rate of 25mm/min, the variation of
the relaxation modulus is 4400MPa at 15°C and 2000MPa at
−5°C, respectively, and we say that the HVAS has a poor
relaxation capacity at −5°C. If the input strain exceeds
0.042857, both the relaxation moduli are decreased instead
of increasing. -is is not surprising because of the emerging
of damage of the HVAS.

3.3. Compression Relaxation Tests at −15°C. Compared with
−5°C, the peak point of the relaxation modulus decreases as
the constant level of input strain is just over 0.012857. -is
can be explained that the superposition of the stresses caused
by the applied load and temperature results in a greater
stress, which leads to the damage and consequently the
decrease of the relaxation modulus, as shown in Figure 6.
Meanwhile, the damage occurs and the extent of damage is
dependent on the input strain. Under the continuous growth
of the loading rate and the input strain, the failure of the
HVAS prism is inevitable, and it is not necessary to complete
the remaining test according to the plan.

3.4. Compression Relaxation Tests at −25°C. As shown in
Figure 7, the deterioration of the sample occurs at the
constant level of input strain of 0.021428. In addition,
comparing with −15°C, the peak point of the relaxation
modulus decreases as the input strain is 0.01285. -is in-
dicates that the damage of the HVAS shifts to an earlier
stage. So, as the temperature drops, the damage occurs
earlier.

-e relaxation tests could be completed at the constant
levels of input strain that ranges from 0.042857 to 0.085714
at temperatures above −5°C; however, obvious deterioration
was observed in the specimen when the input strain is only
0.042857 at temperature below −5°C, and the test came to an
end. Because the determination of the relaxation modulus is
highly sensitive to the temperature, it is suggested that for
the HVAS relaxation tests, the temperature should be no less
than −15°C.

4. Determination of Model Parameters

Mechanical models may be considered as different combi-
nations of linear spring(s) and linear dashpot(s) in various
series and/or parallel arrangements depending upon the
complexity of viscoelastic material behaviour. -ese basic
elements and their combinations allow the modelling of the
viscoelastic behaviour of asphalt mixtures and binders better
than the empirical mathematical models. -e linear spring
responds the same as a linear elastic material, while the basic
response of a linear dashpot is the same as that of a New-
tonian fluid. Combining these two basics in various series

4 Advances in Civil Engineering
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Figure 4: Effects of different loading rates and constant levels of input strain on relaxation moduli at 15°C. (a) 0.004285. (b) 0.012857.
(c) 0.021428. (d) 0.042857. (e) 0.08571.
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Figure 5: Effects of different loading rates and constant levels of input strains on relaxation moduli at −5°C. (a) 0.004285. (b) 0.012857.
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Figure 6: Effects of different loading rates and constant levels of input strain on the relaxation moduli at −15°C. (a) 0.004285. (b) 0.012857.
(c) 0.021428. (d) 0.042857. (e) Specimen damages at −15°C.
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and/or parallel arrangements produces the viscoelastic
mechanical models, some of which, for example, Maxwell
model and Kelvin model, are too simple to adequately model
the actual behaviour of asphalt mixtures, while some other
ones, for example, generalized models, may properly capture
the actual behaviour of asphalt mixtures. -e GMM appears
to be the best phenomenological representation of the re-
laxation behaviour for HVAS [20].

-e relaxation modulus E(t) of the HVAS can be cal-
culated by employing GMM [21]:

E(t) � 
n

i�1

Eie
−t/τi , (3)

where Ei is the modulus for a single Maxwell model, t is the
time, τi is the relaxation time, and n is the number of el-
ements for the GMM.

In agreement with the earlier results [22], the precision
of the characterization of the viscoelastic behaviour varies
with the number of GMM units, so 2, 4, 6, and 8 arms of
GMM were used to fit the relaxation modulus at different

temperatures. An example is provided at the constant level
of the input strain of 0.004285 and a loading rate of
50mm/min, as listed in Table 2.

As shown in Table 2, the R2 value of the GMM increases
with the number of units from 2 to 6. However, the R2 value
decreases as the number of units increases from 6 to 8, so the
GMMwith 6 arms was used to characterize the relaxation of
the HVAS.

Although the model parameters can express the re-
laxation properties of the HVAS, the more detailed damage
behaviour is not depicted yet. So, there is still room for
further study of the relaxation damage model.

5. USDFLD Development and Verification of
HVAS Relaxation Damage

Relaxation often plays a crucial role in the rheological
properties, so it is very important to carry out the accurate
reliability analysis of the change law of the relaxation
modulus. Initially, the GMM in the ABAQUS model library
is used to determine the viscoelastic responses without
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Figure 7: Effects of different loading rates and constant levels of input strain on relaxation moduli at −25°C. (a) 0.004285. (b) 0.012857.
(c) 0.021428.
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associating with the damage while the relaxation behaviour is
strongly dependent on the viscoelastic damage. In order to
study the relaxation damage property, a modified GMM
relaxation damage model was established with the USDFLD
subroutine. With the new development modified GMM re-
laxation damage model in ABAQUS, numerical simulations
of uniaxial compression relaxation tests were carried out.

5.1. Applications of USDFLD Subroutine in Damage
Relaxation. -e ABAQUS built-in models have some lim-
itations due to the fact that there are no coupling damage
parameters in the models, so a modified GMM model is
proposed. Firstly, the constitutive model suitable for the
asphalt mixture was selected, and a USDFLD user sub-
routine was written by FORTRAN language to establish the
correction model of coupling damage. Based on the ABA-
QUS software platform, not only the secondary development
of the GMM constitutive model is realized, but also the
damage mechanism is embedded. -e subroutine is invoked
by a call function in the calculation process. Some known
parameters are passed by the ABAQUS main program,
combined with the generalized Hooke law, to calculate the
test strain, which is used to determine whether the strain
exceeds the threshold value of damage, and the choice of the
appropriate calculation method. Secondly, using the com-
piled USDFLD subroutine, a 3-D finite element model was
established to study the damage relaxation behaviour of the
HVAS, and the performance of the linear viscoelastic model
in ABAQUS was also improved.

5.2. Relaxation Damage Constitutive Relationship. -e 6-
element-generalized Maxwell model coupling damage is
chosen as the basis to simulate the stress relaxation damage
process at different temperatures and constant levels of input
strain.

Table 2: GMM parameters at 15°C.

Model parameter
Number of units

2 4 6 8
E1 (MPa) 182.072 2.004 1.493 15.261
E2 (MPa) 1125.975 10.042 5015.853 15.261
E3 (MPa) — 18.491 41.397 41.927
E4 (MPa) — 295.548 18.603 15.199
E5 (MPa) — — 157.825 1.214
E6 (MPa) — — 1.409 1.214
E7 (MPa) — — — 1.214
E8 (MPa) — — — 15.199
τ1/s 10.737 6.707 4.604e21 2.433
τ2/s 0.646 39.878 1.264 2.433
τ3/s — 80.755 26.342 11.278
τ4/s — 5.628 1.435 2.433
τ5/s — — 6.398 2.436
τ6/s — — 1.715e21 2.436
τ7/s — — — 2.437
τ8/s — — — 2.433
R2 0.9769 0.9896 0.9986 0.9886

Table 3: Damage thresholds at different constant levels of input
strain at 15°C.
Input strain 0.004285 0.012857 0.021428 0.04285 0.08571
Damage
threshold 0.0041 0.0093 0.017 0.021 0.047

Figure 8: Diagram of the model mesh.

Table 4: Prony parameters at 15°C.

Model
parameter

Input strain
0.004285 0.01285 0.021428 0.04285 0.08571

E1 5.44E−08 0.5334 0.690846 2.14E−05 0.15845
E2 0.000182 0.2115 0.014715 0.11 0.27840
E3 1.50E−06 0.1214 0.104812 0.1067 0.13184
E4 6.782E−07 0.0809 0.054306 0.01099 0.07601
E5 5.754E−06 0.0303 0.051410 0.7688 0.07601
E6 5.137E−08 0.0202 0.08353 1.76E−06 0.27828
τ1/s 4.604e21 32.12 23.4 1 1
τ2/s 1.264 191.37 1.52 18.84 3.16
τ3/s 26.342 986.68 436.43 18.84 19.5
τ4/s 1.435 7549.62 3.53 1 286.09
τ5/s 6.398 129.321 65.88 7.422 296.14
τ6/s 1.715e21 3839104 6792.17 18.84 3.16

τ

τmax

Ks

s 

Figure 9: Elastic-plastic Coulomb friction model.
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-e effective stress is given by [23]:

σij �
σij

1−D
, (4)

where σij is the effective stress tensor (MPa), σij is the
Cauchy stress tensor (MPa), and D is the damage factor.

-e damage factor D is in line with the Weibull
distribution:

D � 
ε

c

n

m
(x− c)

n−1
e
−(ε−c)n/m

dx � 1− e
−(ε−c)n/m

, (5)

where m and n are model parameters and c is the threshold
of damage.

Substituting (3) into (2), the relaxation modulus is
obtained:

E(t) �
σ(t)

ε0
� e
−(ε−c)n/m 

n

i�1

Eie
−t/τi⎛⎝ ⎞⎠. (6)

By (6), the damage thresholds can be obtained through
uniaxial compression relaxation experiments. -e damage
thresholds corresponding to the constant levels of input
strain of the uniaxial compression tests are calculated at the
loading rate of 50mm/min, as shown in Table 3.

5.3. Establishing of a 3-D Solid Model. ABAQUS, powerful
and easily operated finite element software, is well equipped
to address the problems of geometric nonlinear materials,
nonlinear stress loads, boundary conditions, and nonlinear
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Figure 10: Comparisons of numerical simulation and experimental results. (a) 0.004285. (b) 0.012857. (c) 0.021428. (d) 0.042857.
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contact. -erefore, it was used to simulate the relaxation
process of the asphalt mixtures. -e model size is consistent
with the specimen in the relaxation test, that is,
30× 35× 70mm3. To better simulate the test process, two
cylinders with a diameter of 80mm and a thickness of
30mmwere established after setting up the specimenmodel,
to simulate the pressure head and the base, as shown in
Figure 8.

5.3.1. Material Parameters. -e experimental data were
fitted to obtain the parameters for the Prony series of the
HVAS at 15°C, as listed in Table 4.

5.3.2. Nonlinear Contact Model. In the relaxation test, the
contact process has nonlinear characteristics. -erefore, the
contact and the friction on the interface should be con-
sidered to better simulate the reaction test process. -e
Coulomb friction model is usually chosen when studying
contact problems involving friction in solid mechanics. In
the simplified model of static linear elasticity, this law is
generally considered together with the unilateral contact
model which describes the possible separation of the body
from the contact surface (or a rigid foundation) and the
absence of penetration of the body into the surface. -e
interface mechanical behaviour described by the Coulomb
contact model is consistent with the relaxation test, so it was
used to control the interlayer contact. -e nonlinearity of
interlayer contact is more obvious when the friction co-
efficient is less than 0.6, so 0.5 is taken as the friction co-
efficient. -e relationship between the shearing stress and
the normal stress of the Coulomb friction model is shown in
Figure 9. -e constitutive model of contact element uses the
elastic Coulomb friction model, and the relationship be-
tween the shearing stress and the normal stress is defined as

τ � KSω ω<ωS

τ � μp ω≥ωS,
 (7)

where τ is the shearing stress, p is the normal stress, ω is the
relative displacement between the contact surface, ωS is the
relative displacement of elastic limit, and μ is the friction
coefficient between the surfaces.

5.4. Results and Analysis. -e relaxation stress data of the
HVAS were obtained in the RPT file format. -e stress
relaxation curves corresponding to the constant levels of
input strains are shown in Figure 10.

As shown in Figure 10, the relaxation modulus obtained
by the numerical simulation has a relatively good agreement
with the relaxation tests. Especially, taking into account the
damage modulus, the difference of the relaxation modulus is
obvious at the inflection point of the L-shaped curve. -is
proves that the damage has obvious effect on the relaxation
characteristics of the HVAS.

After taking into account the damage modulus, the
simulation values provide a better approximation for the
experimental data. -ere is still a minor deviation between
the simulation result and the experimental value at the

inflection point of the relaxation modulus curve because
a linear interpolation was performed as the data were cal-
culated by ABAQUS, and if the data density is increased, the
fitting degree will be further improved.

Results show that the numerical method which takes into
account the damage provides a better approximation for the
experimental data over almost the whole range of the curve
which illustrates that the USDFLD subroutine could effec-
tively predict the relaxation damage process of asphalt
mixtures and provide new support for crack control of
asphalt pavements.

6. Conclusions

-e effects of temperatures, loading rates, and constant
levels of input strain on relaxation properties by the uniaxial
compression tests were investigated. -e uniaxial com-
pression tests were employed to determine the relaxation
moduli. In order to obtain reliable and reasonable test re-
sults, the size of specimens were designed and the constant
levels of input strain were defined to ensure that the initial
stages of the compression tests were linear elastic. -e GMM
is used to determine the viscoelastic responses, the Weibull
distribution function is used to characterize the damage
of the HVAS and its evolution, and the modified GMM is a
coupling of the two models. -e modified GMM was
implemented through a secondary development with the
USDFLD subroutine to analyze the relaxation damage
process and improve the linear viscoelastic model in
ABAQUS. Basing on the findings, the following conclusions
can be made:

(1) -e relaxation response was significant and similar
within the temperature range from −25°C to 15°C.
-e relaxation modulus of the HVAS has an
L-shaped curve over a wide range of time; the
modulus decreases sharply in the first half of the
curve and then remains nearly constant in the second
half of the curve. -e L-shaped curve agrees with the
relaxation properties very well.

(2) -e peak point of the relaxation modulus is highly
influenced by the loading rate in the first half of the
L-shaped curve, while the relaxation modulus is
almost constant in the second half of the curve.
When the input strain is small, the peak point of
relaxation modulus increases proportionally to the
loading rate because the material is in the elastic
stage. However, when the input strain is larger, the
peak point does not increase proportionally to the
loading rate.

(3) In the first half of the L-shaped curve, the relaxation
modulus increases with the input strain (Figures 4
(a)–4(d)). However, the peak point of the relaxation
modulus decreases with a higher input strain because
the larger input strain brings about more damage in
the material.

(4) It is evident that the curve for the relaxation property
slows down significantly at low temperature, which
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leads to damage and even splitting, so some tests
could not be completed. -e relaxation modulus is
highly sensitive to the temperature, and the failure
occurs earlier at low temperatures. It is suggested
that for the HVAS relaxation tests, the temperature
should be no less than −15°C.

(5) Results show that the numerical method which takes
into account the damage provides a better approx-
imation for the experimental data over almost the
whole range which illustrates that the USDFLD
subroutine can effectively predict the relaxation
damage process of asphalt mixtures and provide new
support for crack control of asphalt pavements.
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In order to study the coupled influence of deck pavement roughness and velocity on dynamic amplification factor, a 2-DOF1/4 vehicle
model is employed to establish the vehicle-bridge-coupledvibration system.+erandomdynamic loadof runningvehicle simulatedby
softwareMATLAB is applied on bridge deck pavement (BDP) throughANSYS software. Besides, the influence of BDP parameters on
control stressunder static loadandrandomvibration load is analyzed.+eresults showthat if the surfaceofBDPis smooth, thedynamic
magnification coefficient would first increase and then decrease with increasing of vehicle velocity and reach itsmaximumvalue when
v � 20m/s; if the surface of BDP is rough, the maximal and minimum values of the dynamic amplification coefficient (DAC) occur,
respectively, when the velocity reaches 10m/s and 15m/s. For a composite bridge deck with the cushion layer, the thickness of asphalt
pavement should be not too thick or thin and better to be controlled for about 10 cm;with the increasing of cushion layer thickness, the
control stress of deck pavement is all decreased and show similar change regularity under effect of different loads. In viewof self-weight
of structure, the thickness of the cushion layer is recommended to be controlled for about 4 cm.

1. Introduction

+e deck pavement of long-span bridges is usually sus-
ceptible to various destructions such as cracking, lamination,
steel corrosion, and concrete degradation under vehicle
loads. In the interaction of tire and bridge deck, the additional
dynamic load will generate because of the roughness of BDPs.
+erefore, the actual vehicle load applied on BDPs is of
random load, the moving constant load cannot reflect the real
dynamic behavior of BDPs. However, existing mechanical
analysis of BDPs is concentrated on orthotropic plate pave-
ment system under static vehicle load.Most literatures simplify
the vehicle load as moving constant load when analyzing the
dynamic behavior of BDPs, and the dynamic effect of vehicle
load is considered using an empirical amplification factor.

Dynamic vehicle load will bring bridges a greater effect
on structural stress and deformation compared with the static
vehicle load, and this response amplification phenomenon of
stress and deformation caused by vehicle dynamic load is

called the impact effect [1]. Dynamic load of vehicle consists
of vehicle body weight and additional dynamic load caused by
surface roughness of BDPs; the specific value of dead and
additional load is defined as the dynamic amplification factor
(DAF). In most existing studies, the vehicle-bridge-coupled
vibration is taken into consideration ignoring the effect of
BDPs [2–4]. DAFs play a vital role in the practice of bridge
design and condition assessment. Accurate evaluation of
DAFs will lead to safe and economical designs for new bridges
and provide valuable information for condition assessment
and management of existing bridges. However, the evalua-
tion of a DAF is a rather complicated issue because of
the sophisticated mechanism of the vehicle-bridge interac-
tion (VBI) and a large number of parameters influencing
DAFs, including the dynamic characteristics of both the
bridge and the vehicle, road surface condition, and vehicle
speed, where the road surface condition and vehicle speed are
two critical index affecting DAFs significantly and have been
widely investigated [5–9]. +ough comprehensive studies of
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the DAF of highway bridges have been finished; due to the
neglect of the influence of pavement layer, heavymaintenance
cost of BDPs was paid during later maintenance and reinforce
of the bridge. In China, BDPs were designed as an in-
dependent part isolated from the bridge girder, without
considering the influence of deck pavement on structure [10].
However, BDPs are usually susceptible to cracking, lamina-
tion, steel corrosion, and concrete degradation, which ac-
celerate the growth of damage; therefore, it is necessary to
investigate the mechanical behavior of BDPs and analyze the
effect of velocity and the roughness of BDPs on DAFs.

Existing researches have analyzed the dynamic response
of BDPs under vehicle dynamic load considering road
roughness and vehicle velocity [11], and the variation rule of
vehicle load caused by structural parameters of bridge and
vehicle speed has been investigated as well [12, 13]. However,
the effect of DAFs caused by the design parameter of BDPs
has not been studied considering the effect of road
roughness. Besides, the investigation of the relation between
the roughness and DAF has not been considered yet. Based
on this, in this paper, the vehicle random dynamic load has
been first simulated by MATLAB based on International
Roughness Index (IRI) to analyze the variation law of DAF
under the effect of BDP roughness and velocity. +en, the
vehicle random dynamic load is applied on the finite element
model of a typical bridge to investigate the relation between
design parameters of BDPs and pavement stress state.

2. Dynamic Model of Vehicle Vibration

+e most typical vehicle vibration model used for pavement
mechanics analysis is the 2-DOF single-wheel vehicle model
[14]. As shown in Figure 1, the total mass of bodywork,
spring, and suspension is denoted by ms; mt represents tire
mass; cs and ks represent damping and stiffness of spring;
and ct and kt represent the damping and stiffness of tires,

respectively. Other vehicle vibration models, such as 3-DOF
single-wheel and 4-DOF vehicle vibration models, can be
seen from Figures 2 and 3, respectively [15]. +ough more
complicated model such as biaxial 5-DOF and four-axle 10-
DOF vibration models [16, 17] are raised by relevant study,
2-DOF single-wheel vehicle model is powerful and per-
suasive when simulating vehicle dynamic load [18].
Without loss of generality, the 2-DOF single-wheel vehicle
model is employed here to analyze DAF. Vehicle system
parameters of standard truck used in this paper can be seen
from Table 1 [19].

According to the coordinate system shown in Figure 1, it
is supposed that the vertically downward direction is pos-
itive, and the unknown displacement vector can be repre-
sented as U � [−xs,−xt]

T. Vehicle random dynamic load
can be calculated by the following equation:

M€U + C _U + KU � F, (1)

ms

ks cs

xtmt

kt ct

xg

xs

Figure 1: Single-wheel double-degree of freedom vehicle mode.

m1
Z3

C3

Z2

C2

Z1

u

m2

mt

k1

k2

kt

Figure 2: +ree-mass vehicle mode.
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Figure 3: Four-degree of freedom vehicle model.
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where M, U, K are the mass matrix, damping matrix, and
stiffness matrix of the vehicle model, respectively, and F is
the vertical load of vehicle applied on the bridge deck.
Bridges and vehicles are connected by the interaction of tire
and deck pavements. +e force vector F can be solved by the
following equation:

F � kiΔi + ci
_Δi, (2)

where ki and ci the stiffness and damping of the ith tire and
Δi is the vertical contact displacement between the ith tire
and pavement surface,

Δi � ui − −ri( , (3)

where ui is the vertical displacement of the ith tire measured
from the equilibrium position and ri is the shape function of
pavement roughness xg.

3. Generation of Deck Pavement Roughness

Erratic fluctuation and pit caused by local damages of
pavement are called pavement roughness, which is widely
evaluated by International Roughness Index (IRI). According
to Paterson’s research, there are six different pavement
roughness degrees, where the IRI of theoretical smooth
longitudinal profile is 1; the IRI of moderate roughness is
about 6, and the IRI of highly rough surfaces is 10 [20]. IRI is
a dimensionless number which is customarily described by
m/km. In China, deck pavement smoothness is often eval-
uated by the bump accumulated value BI or variance. Both of
the two indexes have good linear correlation with IRI. To
simulate a pavement roughness excitation, there are four
existing simulatedmethods for the time-domainmodel: white
noise filtration method, superposition of harmonic (namely,
trigonometric series superposition method), AR (autore-
gression), and AMAR method based on the discrete time
sequence and discrete sampling by PSD [21]. In this paper,
superposition of the harmonic method is chosen because the
algorithmic mechanism is clear, without too much consid-
eration of the discretization degree of the model, and the
resulting sample results are continuous. Denote that Gd(ω) is
the pavement surface power spectral density expressed in
angular frequency, and xg is the stochastic response of deck
pavements, which can be expressed as follows:

xg � 
M

k�1

Ak cos ωkt + ϕk( , (4)

where M is a positive integral and ϕk is a random variable
distributed in [0, 2π]. By substituting ω � 2πvn, (4) can be
converted to the frequency domain:

xg � 
M

k�1

��������
3.26K0Δn

 n0

nk

cos 2πvnkt + ϕk( , (5)

where Δn � (nm − n1)/M, nm � 2, and n1 � 0.1 and v is the
velocity of vehicle. It will be more efficient to use fast Fourier
transform (FFT) when simulation [22, 23]. Take M � 400,
n � 1, v � 20m/s, when IRI � 2; the stochastic response of
deck pavement xg is simulated as shown in Figure 4.

After getting xg, the dynamics differential equation of
the 2-DOF vehicle vibration model in Figure 1 can be
expressed as follows:

ms €xs � −ks xs − xt( − cs €xs − €xt( ,

mt €xt � ks xs − xt(  + cs €xs − €xt( − kt xt −xg − ct €xs − €xg ,

(6)

where xs and xt are the vertical vibration displacement of
suspension and tire, respectively, and xg is the pavement
surface roughness excitation displacement. Ft is the random
load of vehicle applied on deck pavement,

Ft � Fd + G, (7)

where Fd is the additional dynamic load of tire and
G � (ms + mt)g, then

Fd � kt xt − xg  + ct _xt − _xg . (8)

Fd is shown in Figure 5, and the DAF μ � Fd/G.

4. The Relationship between l, v, and IRI

To investigate the effect of v and IRI on μ, let IRI be 0.5
(nearly absolutely smooth), 2 (smoothness is well), 4 (slightly
rough), 6 (medium rough), 8 (highly rough), and 10 (very
poor condition), the response curves of μ for different IRIs
when v varies from 5m/s to 35m/s are shown in Figure 6.

When IRI� 0.5, it can be seen from Figure 6(a) that with
velocity increasing, μ increases gradually at first and then
decreases. When v � 20m/s, μ reaches its maximum value
and increases more than doubling compared to v � 5m/s.
+erefore, if deck pavement is very well, the additional
dynamic load of vehicle is not ever-increasing but dimin-
ishing when v> 20m/s with speedup; If IRI� 2, the variation
curve of μ increases rapidly at first from v � 5m/s to
v � 10m/s and gets its peak value at v � 10m/s. +en with
speedup, μ began to decrease quickly till v � 15m/s, and as v

exceeds 15m/s, the curve increases as a whole. As IRI� 4, 6,
8, 10, respectively, we can see some common characteristics
clearly from Figures 6(c) and 6(f) that there are two obvious
summits and a trough of the line and the maximum will be
achieved when v � 10m/s and minimum when v � 15m/s.
+ese manners could be explained from the definition
equation of additional dynamic load Fd, which is determined
by the displacement xg and its derivate _xg. Because xg and _xg
are the trigonometric functions of velocity v which can be
seen from (5), μ(v) must superposed by several trigono-
metric functions. All of these explains why μ increases and
decreases alternately with the variation of v. In fact, the DAF μ
fluctuates continuously as v changes.

Table 1: Vehicle system parameters.

Parameter Value
ms(kg) 9000
mt(kg) 1000
ks(N·m−1) 480×103

cs(N·s·m−1) 14×103

kt(N·m−1) 1900×103

ct(N·s·m−1) 3×103
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Based on analysis above, we can conclude that deck
pavement roughness greatly affects the dynamic ampli-
fication factor, and under the same IRI, the response curve
of μ exists two obvious summits and a trough of the line
and differs from that of ideal smooth pavement which
first increases and then decreases. When a heavy vehicle
running over the bridge whose smoothness is general or
poor, the velocity should be better controlled at 15m/s,
and once the speed reaches 10m/s or 25m/s, the impact
effect caused by vehicle vibration would significantly
influence the driving comfortableness and service life of
deck pavement.

If the velocity is constant and IRI is a variation, it can be
seen from Figure 7 that when IRI< 4, the influence of v on μ
for different v is similar, while once IRI> 4, the character of
response curves for different v differs significantly.

5. The Effect of Deck Pavement Structure on
Pavement Stress

In existing researches, many literatures study the influence
of deck pavement thickness on control stresses only under
dead load or moving constant load of vehicle, regardless of
the function of additional dynamic load caused by deck
pavement roughness. In this section, the influence of dif-
ferent types of load on control stress response will be
considered in order to further study the influence law of
pavement structure on control stress.

5.1. .ickness of Asphalt Pavement. Taking a simple sup-
ported bridge with a span of 20m and width of 12.6m as an
example, the section of the BDP is shown in Figure 8. +en,
the response of control stresses under different load when
asphalt layer thickness changes from 4 cm to 16 cm is in-
vestigated by software ANSYS. In this study, σz and σx

represent the longitudinal and transverse tensile stress of
asphalt pavement (AP), respectively; σ1 represents the first
principle stress of the AP layer (tensile); τxy represents the
transverse shear stress in the contact surface between the AP
andWP layers; τyz represents the longitudinal shear stress in
the contact surface between the AP and WP layers; and σy

represents normal tensile stress in the contact surface. +ese
six stresses are collectively referred to as the control stress of
the BDP, while τxy, τyz, and σy are interlayer contact stresses.

+e four response curves in figures below, respectively,
stand for vehicle dead load fixed in middle span (dead load),
moving load without considering additional dynamic load
caused by roughness (moving constant load), vehicle ran-
dom dynamic load when IRI� 4 and v � 10m/s (I � 4,
v � 10), and vehicle random dynamic load when IRI� 4 and
v � 20m/s (I � 4, v � 20).

It can be seen from Figures 9–14 that (1) the response
regularities of extreme values of σx and σ1 are similar, and
both increase linearly with asphalt pavement thickness in-
creasing. Furthermore, the response of random dynamic
load is greater than that of dead load and moving constant
load. +e maximum value of stress response is the curve
“I � 4, v � 20” and the response of dead load is no different
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Figure 4: Pavement simulation with roughness when IRI� 2.
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than moving constant load; (2) the response curve of τxy is
escalating first and then descending. +e maximum value
will be achieved when the thickness is 6 cm. +e effect of
dead load and moving constant load on τxy is similar and
less than random dynamic load; (3) the extreme response of
σy and σz is similar under different loads: descending rapidly
with thickness increase and later escalating, the minimum
value is achieved when thickness is 6 cm; (4) the variation
regularity of the response curve of τyz is relatively com-
plicate, and the minimum value will be achieved when
thickness is 10 cm.

+rough comprehensive analysis we can conclude that if
asphalt pavement is too thin, the extreme response of σy and
σz would be too large; increase thickness properly will
contribute to diminish the response, but asphalt layer should
not be too thick because it will be bad for the response of σx

and σ1; under the effect of stochastic dynamic load, τyz and

τxy only reduce by 7.5% and 6.6%, respectively, when
thickness increases from 10 cm to 16 cm. Besides, the in-
creasing of thickness could not only augment the self-weight
of the bridge but lead to unnecessary waste economically. So,
for the composite deck pavement structure, the thickness of
asphalt should be better controlled for about 10 cm.

5.2. Design Principle. Concrete cushion is paved above
girder to protect and level the bridge deck. To analyze its
effect on pavement stress, suppose that the thickness of the
cushion layer changes within the range of 3 cm to 10 cm.

+rough analysis we can find that overall increasing
cushion thickness can help to decrease pavement stresses to
some extent; the extreme responses of σy, σx and σ1 all
descend linearly under different loads while the stress re-
sponse of dead load and moving constant load is less than
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the random dynamic load; response curves of τxy, τyz, and
σz are reducing greatly when cushion thickness increases
from 3 cm to 4 cm and then descends slowly as thickness
continues increasing. It follows that the response trend of
each stress is relatively similar under action of different
loads. +e relative reduction of most stress extreme values
is biggest when cushion thickness increases from 3 cm to
4 cm. Besides, allowing for the effect of self-weight of
bridge caused by increasing cushion layer thickness, the
thickness of the cushion layer should be better controlled
for about 4 cm.

5.3. Elastic Modulus of Deck Pavement Materials. +e elastic
modulus of common asphalt materials ranges from
1000MPa to 2000MPa; through analysis we can find that the
extreme values of control stresses all increase in different
degrees; the extreme response curves of σx, σ1, τxy, and τyz
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have similar variation trend, and the maximum response is
caused by the random dynamic load; the relative variation of
extreme values of each stress caused by increment of elastic
modulus is very close.

Enhancing elastic modulus of the cushion layer can di-
minish pavement stress response to some extent, but the
relative reduction of each stress is less than 2% for every 2GPa,
and the elastic modulus of cushion increases. It is because that
the local effect on the deck pavement layer is obvious under
vehicle loads, and the variation of elastic modulus of cushion
can seldom improve the stress state of the upper layer.

6. Conclusion and Discussion

Existing researches of vehicle-bridge vibration only consider
the interaction of vehicle and bridge and seldom take deck
pavement into consideration. Meanwhile, the overloaded
vehicles’ additional dynamic load caused by pavement
roughness degree is also neglected by designers during
bridge’s operating process. So, accurately analyzing the
dynamic amplification factor caused by IRI and v is mean-
ingful and necessary. In first part, this study investigated the
relationship between μ with IRI and v, while the second part

analyzed the influence of different types of load on control
stress response and further studied the influence regularity of
pavement structure on control stress so as to study the in-
fluence factor and change law of dynamic load deeply and to
further guide the design of pavement structure safely and
reliably. +e main results are shown as follows:

(1) +e roughness of BDP greatly affects the dynamic
amplification factor, and under the same IRI, the
response curve of μ exists between two obvious
summits and a trough of the line and differs from
that of ideal smooth pavement which first increases
and then decreases. When a heavy vehicle running
over the bridge whose smoothness is general or poor,
the velocity should be better controlled at 15m/s,
and once the speed reaches 10m/s or 25m/s, the
impact effect caused by vehicle vibration would
significantly influence the driving comfortableness
and service life of deck pavement

(2) +e increasing of thickness could not only augment
the self-weight of bridge but lead to unnecessary
waste economically. +e thickness of asphalt should
be better controlled about 10 cm.

(3) Increasing cushion thickness can help to decrease
pavement stresses to some extent, and allowing for the
effect of self-weight of bridge caused by increasing the
cushion layer thickness, the thickness of the cushion
layer should be better controlled about 4 cm.

(4) Enhancing elastic modulus of the cushion layer can
diminish pavement stress response to some extent,
but the relative reduction of each stress is less than
2% for every 2GPa, and the elastic modulus of
cushion increases. +us, it is uneconomical to de-
crease pavement stress by using high-grade concrete
cushion.
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