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Featured Application: This review provides guidance for the future studies of this new pavement
technology, which may be of concern in many fields of road construction, such as heavy-duty
pavement, perpetual pavement, reclaimed asphalt pavement, and new airport runway.

Abstract: Grouted Semi-flexible Pavement (GSP) is a novel pavement composed of open-graded
asphalt concrete grouted with high-fluidity cement mortar. Due to its excellent load-bearing and
anti-rutting performance, it has great potential as anti-rutting overlay and surface in road construc-
tion. However, the understanding of GSP performance remains limited and pertinent findings are
inconsistent. This article aims to provide a systematic literature review for the articles which were
published between 2000 and 2020 on GSP, explore the problems in the recent research, identify
knowledge gaps, and deliver recommendations for future research. The influential factors and the
relative evaluation methods of GSP performance are summarized and discussed in this article.

Keywords: Grouted Semi-flexible Pavement; influential factor; evaluation method; performance;
laboratory test

1. Introduction

Conventional flexible pavement, namely asphalt concrete (AC) pavement, suffers
from many distresses including rutting, moisture damage, and fatigue failure after long-
term operation, because of weather wearing and traffic volume growing worldwide [1,2].
With soaring demand of transportation, the costs of highway construction and pavement
maintenance have increased dramatically over time. As a solution for these problems,
Grouted Semi-flexible Pavement (GSP), as known as Resin-Modified Pavement, is a type
of high-performance pavement that was derived in France in the 1950s. GSP consists
of an open-graded matrix asphalt (OMA) mattress with a 20-35% void rate, grouted by
high-fluidity cement mortar (HCM) [3-8]. GSP has great resistance to rutting, top-down
cracking, oil corrosion, and fatigue damage, combining advantages of both asphalt and
concrete [9-11]. It is cost-effective and has been used in many fields, which may be under
unfavorable or complex traffic environments that are slow-speed, heavy-duty, or high-
temperature, such as airport runways, factory field pavement, bus rapid transit lanes, and
high-performance reclaimed asphalt pavement [12-14].

Construction of GSP is normally a two-phase operation. First, the OMA mattress is
prepared and paved by equipment lighter than or equal to that used for AC. After the
asphalt is cooled, HCM can be spread on the surface. Due to the good connectivity of voids
in OMA, HCM penetrates the whole layer to obtain a very low residential void rate for
GSP by rubber scrapers and light vibratory rollers. The GSP eventually forms the required
strength for traffic through curing for a few days. The beneficial properties of this material
rely on careful construction process control, and recent related challenges are problems for
mechanical mechanism investigation and distress prevention, such as cracking.

In Europe, GSP was originally invented as a patent of heat-resistant pavement, namely
“Salviacim”, by French company Jean Lefebvre at Cognac airport in 1954 [3,15]. In 1987, two
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companies, Densit and Phoenix, jointly developed and promoted the second generation of
GSP, called “Densiphalt”, of which the residual void rate was reduced after being grouted
to improve in-field performance [15-17]. In 1989, Roffe, the researcher belonging to the
Jean Lefebvre Company in France, published a monograph on the “Salviacim”, which was
still considered a special construction method by the public [3,18].

The U.S. Army issued a series of evaluation reports of GSP and practiced this tech-
nology on airport aprons and tank runways from 1976 [19-21]. The Departments of
Transportation of states and the U.S. were also concerned for the performance of GSP and
conducted many projects to prove its performance [22-24]. Consequently, the specification
of GSP by the U.S. Army was established and applied in many fields, and were updated
several times [25-28].

Wang et al., conducted a trial road of GSP on Huishen pavement in the Guangdong
province in China in 1986 [29]. In 1995, Xu et al., introduced laboratory tests for GSP
and presented the bending tensile strength as an indicator to control its quality [30].
Subsequently, Zhang and Pan adapted the Main Aggregate Filling (MAF) method and the
orthogonal tests to design GSP in 2000 [31,32]. Further, Hao et al., proposed that the optimal
asphalt content of OMA should be determined by the Cantabro test and the Schellenberg
Binder Drainage test, while the low-temperature cracking of GSP was found to be the main
problem affecting its operational life [4-6].

Although GSP was just used originally as a construction technique for special pave-
ments such as airport aprons, it is now considered as a rather new technology because it is
found to be strongly different from rigid pavement and flexible pavement for their working
behaviors. With the theory of perpetual pavement arousing and traffic load increasing in
the recent years, GSP has been welcomed into a rapidly developing period and has become
a potential high-performance and cost-effective pavement which has a higher complex
shear modulus than AC. However, standards of this technology are seldom published in
the world. There are still many unsolved problems in GSP design, such as low-temperature
cracking, unreasonable testing parameters, and undeveloped laboratory methods, etc.,
which need intensive research [6,33]. The poor understanding of these problems limited
further development and application of GSP.

The objectives of this study are to summarize the findings in GSP over the past two
decades and analyze the relationships of various factors and the methods of laboratory
tests on the performance to identify knowledge gaps, promote this technology and deliver
recommendations for future research. 143 papers have been selected and reviewed in
total on three principles: first, the study should illustrate a qualitative and quantitative
evaluation for GSP; second, the research should come from a new perspective for factors
and properties of GSP; third, new findings and different conclusions are included for more
discussion. Finally, relevant recommendations and future studies are proposed.

2. Influential Factors on the Performance of GSP
2.1. Microstructure

Raw materials and structures of GSP are the essential elements affecting laboratory
performance and also yielding technical problems. In a microscopic view, the relationships
among asphalt, aggregate, and cement particles build the macro-strength of GSP. Indeed,
the micro-analysis method is most commonly used in laboratory tests to demonstrate the
intuitive influential factors of micromorphology on the behavior of GSP.

In recent years, resolution of micromorphology techniques, especially the Scanning
Electron Microscope (SEM), has reached to the nanometer level, which can capture the
microstructure views between different particles to analyze their relationships [34,35]. The
GSP samples are observed in various instruments, resolutions, and observing ranges. The
methods and results are shown in Table 1 and Figure 1.
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Table 1. Methods of microscopic observation for GSP.

Authors Observation Methods Zoom Ratios Observing Ranges
Ling et al. [36] SEM 500 times Interfaces
Huo et al. [37] SEM (200SXVFT-IR), Fourier 5000 times Interface tran51t10r'1 zone, Chemlcal
Infrared Spectrum Analyzer or asphalt aging reaction
Hou et al. [38] SEM (Model JSM-6390LV, JEOL) 10,000 times Microcracking, Fiber-like network
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Figure 1. The GSP microscopic images observed by SEM: (a) Microstructure at 90-day age; (b) Interface and fibrous
structures; (c) Wrapping phenomenon of asphalt film; (d) Generation of micro-cracking and bridging effect of the fiber-

like network.

GSF has higher density and solidity than traditional AC, which contributes to great
complex shear modulus and compressive strength [36]. The strength of GSP is reinforced
with increase of age (at ages of 7 d, 28 d, and 90 d), and the inner hydrated cement forms
a fibrous-like network that penetrates through asphalt films, as shown in Figure 1 [39].
This exclusive phenomenon, refered to as three-dimensional lattices or a mosaic spatial
network, bridges asphalt and cement, which increases the thickness of interface transition
zones and enhances the bonding force between asphalt and cement [36]. Meanwhile, the
un-hydrated cement plays a role as mineral powder to strengthen the adhesion between
asphalt and aggregate.

The propagation of micro-cracks in GSP can be also investigated by SEM (Figure 1).
The observation results indicate cracking emerges from the bottoms of samples and ex-
pands along with the interface between asphalt and cement [38,40]. This reveals that
the asphalt-cement interface is the weak interface existing through the whole depth of
GSP structure, approved by the Heavy Vehicle Simulator test and the Dynamic Cone Pen-
etrometer test [41,42]. Additionally, the reaction of internal among raw materials is mainly
physical, because no chemical or asphalt aging processes are identified at the interfaces by
the Fourier Infrared Spectrum Analyzer (FISA) (200SXVFT-IR) [37].
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In general, these characteristics of micro-structure determine the macro properties
of GSP, which has high rutting resistance and low cracking resistance. Moreover, the
micro-analysis method can effectively and intuitively gain the relationships of each of these
components and raw materials. On the other hand, this method is also limited, owing
to the subjectivity of corresponding researchers and the complexity of GSP’s structure.
For example, some different fibrous structures can be observed from GSP samples, but
which has a better coherent strength between materials is unknown because it is hard to
get quantitative analysis from SEM images.

2.2. Raw Materials and Admixtures

GSP is a complex composite, combining multiple materials, such as asphalt binder,
aggregate, cement, and admixtures. Generally, the effects of them can be separated into
two independent steps: intermediate mixes (OMA and HCM) and final grouted or com-
bined mix (GSP). In other words, the properties and the formation of raw materials and
admixtures can directly determine the performance of intermediate mixes, which further
affects the quality of the following GSP.

OAC is an asphalt mattress with high void rate similar to the open grade friction course
(OGFC). According to design principles of OGFC, aggregate gradation can contribute to
the volume of void and binder is able to provide inner cohesive strength in OAC. Likewise,
strength and fluidity are two main properties of HCM, and are controlled by two factors:
formation and types of raw materials.

2.2.1. Aggregate Gradation

Open-grade aggregate is designed primarily as a skeleton of OAC for GSP. It mainly
maintains compressive pressures from traffic loads and forms inter-air voids of OAC.
Therefore, a good gradation can not only provide a good compressive strength but also
construct an even and interconnective space of void.

An optimal gradation mostly can be realized by two design methods: an experiential
method and a volumetric method called the main aggregate filling (MAF) method. The
latter assumes coarse aggregate is supporting the main structure of OAC and can achieve
the required void volume by filling fine aggregate and binder into the compacted coarse
aggregate. Due to back-calculation of the void volume, this method is concise to control
the final void rate of OMA [43,44]. However, interconnectivity of void is overlooked in
this method, which is another important factor for permeability of OAC equally to void
volume [45]. Therefore, factors affecting particle sizes and consecutiveness of aggregate
gradation are considered to establish the relationships between the given characters above,
illustrated in Figure 2, Tables 2—4.

Table 2. Effects of gradations on permeability of OAC [46,47].

Gradation Density [g/cm®] Relative Density Void [%] Permeability Rate
Gradation A 1.83 2.46 25.57 1.34(1073 [m/s])
Gradation B 1.85 2.46 24.85 1.11(10~3 [m/s])
Gradation C 1.87 2.46 23.78 0.94(1073 [m/s))

BSI-4% N/A N/A 33.05 362.9(m/day)
Densiphalt12-4.5% N/A N/A 32.08 247.68(m/day)

Table 3. Effects of gradations on physical properties of OAC [47].

Gradation Cantabro Loss [%] Indirect Tensile Strength Test [kPa]
BSI-4% 33.2 113.35
Densiphalt12-4.5% 3491 136.8
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Table 4. Effects of gradations on physical properties of GSP [48,49].
Compressive Rebound .
Modulus Test Low Temperature Bending Test
Gradati
racation Compressive Rebound Maximum Flexural Maximum Stiffness
Strength [Mpal Modulus [Mpa] Load [N] Strength [Mpa]  Strain [pe] Modules [Mpal]
Continuous 4.66 1913.48 802.30 6.26 1140 5483.77
Uniform 5.23 2812.60 866.48 6.73 1040 6486.53
Composite N/A N/A N/A 6.95 1838 3780.6
gradation
Upper limit N/A N/A N/A 6.73 1943 3467
Lower limit N/A N/A N/A 7.57 1523 4970.3
120
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Figure 2. Some used gradations with different particle sizes and proportions.

The main coarse aggregate used in GSP normally falls in a range of 4.75 mm-13.2 mm
particle size. Several combinations of different tiers in this range can form OMA with
the requested void rate. Under the similar void rate, gradation with a large particle size
will benefit the whole structure. Moreover, the water permeability of samples which
have a large proportion in larger particles (14~10 mm) is significantly higher than that
of average samples (Table 2) [46]. A lower residual void rate of GSP will be obtained
after grouting [50,51]. Overall, a coarser aggregate gradation can be more conducive to
forming a larger void space, which has better interconnection, to make the grouted cement
mortar more easily able to penetrate the OMA mat [46,52]. Subsequently, flexural tensile
strength and compressive strength of the following GSP are also be improved, which are
positively linked with low-temperature performance and high-temperature performance,
respectively [49]. On the contrary, some other properties may be slightly harmed with the
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increase of particle size. Cantabro loss rises to a certain value, which indicates that the
cohesion between aggregate in GSP is weakened.

From a different perspective, Ding et al., proposed that uniform gradation could
conduct smoother void spaces and less stress concentration than continuous gradation. He
compared two types of gradations: uniform gradation (one tier: 10~5 mm) and continuous
gradation (three tiers: 13~10 mm, 10~5 mm, and 5~3 mm) [53]. It was found that GSP with
uniform gradation was superior to that with continuous gradation in the properties of
Marshall stability, splitting strength, compressive resilience, and low-temperature bending
capacity [53].

Saboo et al., evaluated seven types of gradations using the hierarchical ranking strat-
egy considering parameters as void content, permeability, abrasion resistance, and tensile
strength of OAC; BSI-4% and Densiphalt12-4.5% were selected as the optimal gradation
which had a main tier of 4.75 mm~12.5 mm [47]. In general, gradation with the main
particle sizes in the scope of 4.75 mm~12.5 mm is appropriate to improve the performance
of GSP to form a better structure (Figure 2).

However, a conflict exists in previous hypotheses that mainly concerns coarse particles.
For example, a given continuous gradation may also contain larger-tier aggregate. The
reason may be that the influence of gravel morphology and fine aggregate is overlooked
which needs further research [52]. In our opinion, the two viewpoints are all correct, though
only the applying scope of these principles is different. The definitions for describing
gradation types are difficult to quantify, due to the existence of few samples with untested
properties, such as residual void rate and water permeability. Large particle size and
uniform gradation can both contribute to the formation of evener and larger void space.

2.2.2. Asphalt Binder

The types of asphalt binder in OMA include base asphalt, rubber asphalt, SBS-
modified asphalt, and high-viscosity modified asphalt. Due to various characteristics
at different temperatures, the optimal type and content of asphalt binder as two factors
varies in OMA design, as shown in Table 5. Orthogonal experiment uncovers the effects of
binder on the relative OMA or GSP sample, as illustrated in Tables 5 and 6.

Table 5. Optimal binder and high-temperature performance of OMA.

Optimum Unconfined

Author Binder Types Vm;(i) /I]{ate Asphalt Compressive S ti\l/a?lriihﬁ:N] Canta[lz /r;) Loss
? Content [%] Strength [kPa] y ’
S0-penstraightrun 7 4 4 169159 N/A 187
asphalt
Setyawan o
et al. [46] 7%SBS Asphalt 27.20 4 906.56 N/A 10.1
100-pen straight 27.74 4 760.64 N/A 343
run asphalt
Ling et al. [48] Rubber-asphalt 221 3.6 N/A 6.80 23.8
High-viscosity 26.0 3 N/A 36 195
asphalt
Zhao et al. [54] Rubber-asphalt 26.2 3 N/A 2.7 38.4
SBS asphalt 259 3 N/A 3.0 325
Ordinary asphalt 25.8 3 N/A 2.4 48
Wang et al. [55] 4.4%SBS asphalt 25 4.4 N/A 4.6 N/A

Luo et al. [56]

SBS asphalt 2247 3.4 N/A 4.15 14.7
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Table 6. Optimal binder and low temperature performance of OMA.

Author

Asphalt Types Test Test Condition Strength [Mpa] Modulus [Mpal

50-pen straight run asphalt 259.65 953.71

Setyawan [46]

7%SBS-Modified Asphalt
100-pen straight run asphalt

Indirect Tensile

Strength 20°C 155.82 331.44

125.26 548.68

Asphalt binder with high viscosity and low penetration, such as 50-pen straight-run
asphalt, SBS asphalt, rubber-asphalt, and high-viscosity asphalt, can increase strength and
reduce Cantabro loss for OMA which will result in good high-temperature performance of
GSP. However, binder types have little impact on void space structure in OMA, as well as
strength and moisture resistance of GSP [46,54].

OMA samples using SBS asphalt as binder can obtain favorable water permeabil-
ity. Setyawan et al., explained that modified asphalt protected OMA from drainage that
caused void-blocking [46]. Therefore, the performance of following GSP samples was also
enhanced, especially in low-temperature cracking resistance [46,54,55].

Rubber asphalt also promotes high-temperature performance of GSP. It is consid-
ered as a potential candidate due to its excellent cost-effectiveness and environment-
friendliness [48]., High-viscosity asphalt also shows advantages of flexural tensile strain
and stiffness modulus at a low temperature, which is associated with better anti-cracking
performance [54].

Optimal binder content of OMA can be determined by three main parameters in
orthogonal testing: compressive strength, tensile strength, and Cantabro loss. The value
of it mostly falls in a range of 3%~5%, due to different test methods. However, it can be
argued that a high content rate of binder in OMA can increase toughness of OMA, leading
to good anti-cracking performance of GSP [57], because the Marshall stability of OMA
continues to rise with the increase of the binder content rate, even up to 9% [58].

Besides these two factors: binder type and content in OMA, bonding force for the
asphalt-cement interface is overlooked in steps of influential factors analysis, which can
contribute to low-temperature performance of GSP. To achieve a criterion for AC (the
flexural tensile strain in small beam bending test should exceed 2000 pe at —10 °C [59]),
the factors for anti-cracking characteristics of GSP should be considered of both OMA and
HCM to bridge two materials in whole structure in design.

2.2.3. High-Fluidity Cement Mortar

High-fluidity cement mortar (HCM) is a specialized grouting material which can
penetrate OMA due to its high fluidity to construct a fibrous-like network structure inside
the asphalt mattress. Strength and shrinkage rate are the two main factors of HCM
controlling the performance of GSP. Therefore, to investigate their effects, various formulas
of raw materials and different additives are compared, as shown in Table 7.
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Table 7. Formulas of raw materials and performance of HCM.
Water- Sand- Water Expansion Fluidit Compressive Flexural SI]?r B?l?g
Author binder cement Reducing Ap aent Others © ;h) [Z] Strength Strength Rate ( 63%;)
Ratio Ratio Agent & ) (7 d) [Mpal (7 d) [Mpal [0.001]
0.3% polycar-
Hu et al, 0.45 0.25 boxylic 8% UEA N/A 12.98 19.4 492 3.188
[60,61] .
acid
1.0% TH-928
056 N/A polyear yopupa Q008 ~105 ~25 ~6 ~134
oxylic Saponin
Pei et al. acid
[62,63] 10% Fly ash,
0.56~0.58 N/A N/A N/A 10% Mineral 11~14 15~20 2.2~57 1.4~2.7
powder
0.61~0.63 15 N/A N/A 10% Fly ash 12~17 9~15 2.7~57 1.0~1.8
Koting o o -
etal. 0.32 N/A T/"f”.per N/A 5% of iﬂma 14.2 57.5 5.8 N/A
[43,64] plasticizers powder
2%
Saboo et al. 0.57~0.59 0.3 naphthalene N/A N/A 10~14 20~24.5 N/A N/A
el 0.48~0.50 03 o polycar- N/A 10~14 2125 N/A N/A
’ ’ ’ boxylate
6% Fly ash,
0.65 0.14 N/A N/A 10% Mineral 114 17.2 44 N/A
Ling et al. powder
(4] 10% Mineral
0.65 0.2 N/A N/A powder, 10% 11.1 12.6 5.9 N/A
Polymer

The water-cement ratio is the critical factor affecting both fluidity and strength of
cement mortar. The fluidity of HCM is positively associated with the water-cement ratio
and negatively related to the sand-cement ratio [65]. However, an excess water-cement ratio
or a short sand-cement ratio will lead to high dry shrinkage [60,61]. In addition, with the
increase of water-cement ratio, the bleeding rate of HCM shows an upward trend, which
may cause void-blocking and slurry leakage [66,67]. Therefore, Cheng et al., recommends
that the water-cement ratio should be less than or equal to 0.55 for HCM, while Saboo et al.,
advises a ratio scope of 0.4~0.6 [45,66]. Additionally, 10~14 s is a recommended range for
HCM fluidity [45,49,67].

The additive type is another factor in determining the performance of HCM. Super-
plasticizer and fly ash are commonly used to increase fluidity of HCM and minimize
residual void after grouting. Some studies indicates that silica fume, mineral powder, and
ultrafine sand also have good effects on fluidity [43,64,68,69]. Expansion agent UEA can
reduce the shrinkage of HCM and furtherly enhance the anti-cracking ability of following
GSP [60-63,70]. However, the strength of cement mortar is inevitably underestimated by
fluidity improving in the methods above. Therefore, to achieve the balance design between
fluidity and strength, a range of strength value is proposed as 10~30 Mpa, and furtherly
narrowed to 20~25 Mpa for HCM [45,49]. Although other factors such as the shrinkage
and flexural strength of HCM have important effects on the low-temperature performance
of GSP, their values are not considered as parameters by recent studies comprehensively.

Cai et al., used ABAQUS software to simulate the shrinkage and expansion of cement
mortar in GSP to estimate the inner stresses [71]. Index values of the deformation were cal-
culated and determined to protect GSP from cracking that is caused by stress concentration
of shrinkage, as shown in Table 8.
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Table 8. Recommended deformation indexes of cement mortar in GSP [71].

Maximum Shrinkage Maximum Expansion

Void Ratio of OMA [%] Deformation [%] Deformation [%]
20 0.13 0.39
25 0.14 0.38
30 0.15 0.34

2.3. Admixtures

Admixtures for GSP refer to specific materials adding to OMA or HCM to improve
workability or strength of following GSP. Resin is the admixture early used in GSP which
can be traced back to 1976 in the U.S. Amy [72], and polymers have been used to enhance
the anti-cracking performance of GSP from the 1980s on the Huishen highway, China [73].
Over the past 40 years, more and more types of admixtures have been developed into a big
family for GSP.

According to different ingredients, GSP admixtures can be roughly classified into
five categories: polymers, fibers, interface modifiers, emulsified asphalt, and other new
functional admixtures. New functional admixtures have been recently explored for ex-
tension in road functions such as emission-reducing, water conservation, and weather
cooling. In addition, two blending methods are usually used for admixtures of GSP: firstly,
admixture is blended into cement mortar to reduce rigidity and dry shrinkage of HCM,
which furtherly improve cracking resistance for following GSP; secondly, it is mixed within
asphalt to enhance the strength of OMA, which achieves a high rutting resistance for the
whole structure. Admixtures and their effects on GSP are illustrated in Table 9.

Table 9. Admixtures and their effects on GSP.

Low-Temperature Strength

. . . Blendin, Dosage ! Rutting Test Tensil Tensil
Categories I dient & & utting ensile enstie
gorl Citations ngredients Method [%] [times /mm] Methods Strength Strain
—10 °C [Mpal —10 °C [pe]
. DL latex P/C=1.0 20,138 1.548 4590
Ling et al.
[74] YH resin Into cement P/C=5.0 21,457 Splitting test 1.955 2740
BD emulsion P/C=47 19,079 1.222 5170
Luo et al. Small beam
56] Latex Into cement P/C=3.0 ~13,500 bending test ~10.5 ~2400
. Styrene-
Ling et al. butadiene Into cement  P/C =10 15,750 Small beam 6.95 1838
[49] . bending test
emulsion
Huang et al. Waste rubber Increase of Small beam
Polymer 73] powder Into cement P/C<20 47 5% bending test N/A 1132
Ling et al. Rubber- _ Small beam
[48] asphalt Into asphalt P/A =21 15,000 bending test 2.18 5140
Carboxylated
styrene- _ Small beam
Xu et al. [76] butadiene Into cement P/C=10 14,318.18 bending test 6.47 1807.23
latex
Wang et al. _ Small beam
7] Carboxyl Latex Into cement P/C=8 21,724 bending test 7.15 1527
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Table 9. Cont.

Low-Temperature Strength

. L. . Blendin, Dosage ! Rutting Test Tensil Tensil
Cat I dient g g ! g ensile ensile
ategories Citations ngredients Method [%] [times /mm] Methods Strength Strain
—10 °C [Mpal —10 °C [ue]
. Cheng et al. PVA fiber _ Small beam
Fibre 73] solution Into cement F/C=5 N/A bending test 9.16 3656.82
Silane
Yang etal. Coupling Into cement  1/C =04 N/A Small beam 6.97 ~1025
Interface [79] acent bending test
modifier 8
Xuetal. [76] Stanecoupling p o ement  1/C=05 16,578.95 Small beam 7.17 1826.72
agent bending test
Cationic
Zhangetal . lsified  Intocement A/C=3L3 N/A Small beam 11.05 3159.26
[80] bending test
asphalt
Emulsified Huang et al Emulsified Small beam
asphalt [81] asphalt Into cement A/C=30 N/A bending test 6.56 1446
Cationic Small beam
Xu et al. [76] emulsified Into cement A/C=5 42,000 . 6.98 2133.29
bending test
asphalt
Waterborne
Sun et al. epoxy- E/A =60; Small beam
[82] emulsified Into cement C/A =55 N/A bending test 6.18 2662
asphalt
Combination ivbdlﬁed Into asphalt M/A =14 1291
gent-100 Semi-
f{”}gﬂ Modified N/A circular N/A
etal lo- Agent-100 Into asphalt M/A =14; bending test 1018
incorporated 0asp F/A =02 .
fiber

TA= Asphalt; C = Cement; P = Polymer; E = Epoxy; F = Fibre; I = Interface modifier; M = Modifier.

2.3.1. Polymers

Polymers are the most traditional admixtures used in GSP, including latex, resin,
SBS, styrene-butadiene rubber (SBR), and waste rubber [74,84]. Latex and resin are effi-
cient to smooth the high rigidity of HCM and reinforce the tensile strength of the whole
structure because of their hydrophilicity, which results in bonding at interfaces between
materials [56,76]. However, they have little or no influence on the high-temperature per-
formance of GSP. That is because adding polymers into cement mortar will impair the
compressive strength of HCM.

In contrast, GSP with rubber as an admixture has little promotion to the low-temperature
cracking resistance, due to the weak interface between rubber and cement [48,75], although
the fatigue life of rubber-modified GSP is prolonged with the increase of rubber content [85].
In this category, waste rubber is thought to be a cost-effective and environmental-friendly
admixture as a substitute to replace raw materials with a high blending ratio up to 20% [75].
Its weakness of insufficient strength can be enhanced by adding an interface modifier,
which will be introduced later in this paper [86].

2.3.2. Fibers

Fiber plays a role in reinforcing tensile strength in GSP [87]. It can be blended into
GSF in two ways: adding into OMA alone or into both OMA and HCM. However, the
effect of fiber mainly works in OMA structure, as there is no obvious advantage showed by
the latter method [78].

Nevertheless, it is possible that fiber may harm GSP. GSP samples with 0.3% loose
cellulose fiber show a high abrasion loss, which is difficult to meet the requirement as a
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surface course [46]. Moreover, the tensile strength of fiber-modified GSP may decrease
sometimes, even though the fatigue life was increased [83]. The reason is unknown.

2.3.3. Interface Modifiers

Interface modifier commonly refers to silane coupling agent (SCA) or other additives,
which can enhance the cohesive strength of interfaces between asphalt and cement to
protect weak interfaces from cracking [79]. With the increase of the dosage of SCA, all
properties of GSP are improved, especially shear resistance [88,89].

However, SCA needs to be combined with other additives such as rubber or latex to
loosen the inner stress in HCM, due to its high stiffness after reaction. It is found that the
workability and fluidity of HCM modified by SCA are improved, while the dry shrinkage
rate and bleeding rate are greatly alleviated. Therefore, the following GSP samples are
strengthened in the cracking and rutting resistance [90].

2.3.4. Emulsified Asphalt

Anionic emulsified asphalt and cationic emulsified asphalt are two types of emulsified
asphalt which are always blended with cement to produce cement asphalt (CA) as grouting
material for GSP. Cationic CA efficiently increases the flexibility of grouting material,
compared to anionic CA and average cement mortar [80]. In addition, CA (especially
Cationic CA) has better cohesion with asphalt than average cement mortar, which can also
act as a kind of interface modifier [76].

Despite advancement in anti-cracking resistance, CA-modified GSP will be inevitably
sabotaged in both the compressive strength of grouting material and the rutting resistance
of GSP. Accordingly, Xu et al., presents a method using SBS in OMA to offset the decrease
in strength of CA-modified GSP [76].

2.3.5. Complex Admixtures

The purpose of complex admixtures for GSP is to combine advantages of different
admixtures. However, some combinations are not always as expected, because of underly-
ing contradictive influences of combined admixtures on GSP. Therefore, in its composition
design, more factors and more procedures should be considered in a comprehensive way
to achieve desired outcomes, comparing to the individual components [83].

2.3.6. New Functional Admixtures

Some novel admixtures are applied in GSP to extend functions of a road, such as
environment conservation and road life extension. For example, water-retaining material
is mixed into grouting material to produce water-retaining GSP. This pavement can cool
down 8 °C-10 °C for eight hours for the surrounding area by evaporating the water
absorbed from rain, while it maintains a high anti-rutting performance [91,92]. Phase-
change material (PCM) is also added into GSP to adjust the ambient temperature. The
PCM-modified GSP can be protected from the damage of temperature fluctuation by the
thermal storage capacity of PCM. It is proved that GSP mixed with 5% PCM can relieve the
temperature of pavement by 11.5 °C for 4 h [93,94].

3. Evaluation Methods of the Performance of GSP
3.1. Common Laboratory Testing Methods

Common traditional laboratory tests are used for the evaluation of GSP, including: the
Marshall test and the rutting test to assess high-temperature performance, splitting test,
semi-circular bending test, small beam bending test at —10 °C to measure low-temperature
performance, and Immersion Marshall Residual Stability test to estimate moisture resis-
tance, as shown in Table 10.
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Table 10. Traditional laboratory tests and performance of GSP.

. Small Beam Splitting Test
Immersion

Marshall Test Rutting Test Marshall Test Bendlng Test (—-10 ?,
. (-10°C) 1 mm/min)
Authors Void Rate of . R .
OMA .re Flow Value Dyna‘n‘nc Residual Tensile Tensile
Stability [kN] [0.1 mm] Stability Stability [%] Strength Strength
’ [times/mm] tyl% [Mpal [Mpa]
Xu et al. o o,
30,95] 25% >25 10~25 >12,000 N/A 4.82 25%
Hao et al. [6] 25% 17.12 19.8 10,242 85.2 6.408 25%
Wu et al. o o
[96,97] 25% 33.1 514 22,096 95.9 N/A 25%
Dong [98] 24.9% 17.7 324 15,750 78.4 7.57 24.9%
Zhang [99] 25% 7.38 27.1 21,000 100.4 6.71 25%
Pang et al. o o
[100,101] 22% N/A N/A >6000 N/A N/A 22%
Hou et al. [38] 29.5% N/A N/A 15,750 110% 52 29.5%
Lietal. [102] 25% >20 N/A >10,000 >75 N/A 25%
Hu etal. [103] 30% N/A N/A 21,725 N/A N/A 30%
Huo et al. [104] 25% 29.52 N/A 22,096 95.9 N/A 25%

3.1.1. High-Temperature Performance

The Marshall test is most commonly employed to evaluate high-temperature perfor-
mance of GSP and then results can be easily compared by this index from different projects.
GSP has greater Marshall stability and lower flow value than traditional AC, due to its
enhanced strength and fewer residual voids by grouting cement mortar. Additionally, the
compressive strength of GSP continues to improve with growth of the OMA void [6]. GSP
containing reclaimed asphalt pavement (RAP) is also evaluated by the Marshall test, which
shows a promising stability value of 53.9 kN [105].

The Rutting test is another popular method, and shows the great anti-rutting resistance
of GSP. Average dynamic stability of GSP can be up to 15,000 times/mm, compared to
the value of AC-16 at only 2000 times/mm [49,106]. GSP samples can keep their excellent
function even at a high test-temperature of 70 °C [103]. Additionally, the Static Indentation
Creep test is also adopted to illustrate these characteristics of GSP [107].

3.1.2. Low-Temperature Performance

Evaluation methods for the low-temperature performance of GSP include the small
beam bending (SBB) test, splitting test, and semi-circular bending (SCB) test. Additionally,
the creep test and indirect tensile strength (ITS) test are also employed at —10 °C to inspect
the anti-cracking resistance of GSP [6,108].

Tensile strength of GSP can approximated to AC in the SBB test, while tensile strain is
found lower than AC. This is because the excess stiffness of GSP limits the deformation
of whole structure. However, admixtures can be efficient to accomplish a significant
enhancement in tensile strength of GSP [38]. That is, the modified GSP shows improved
low -temperature performance in the SCB test, creep test, and ITS test at —10 °C [108].

However, the laboratory behavior of GSP in splitting tests is far different from that
in SBB tests, and both tensile strength and strain are significantly lower than AC’s [70].
Modifiers also had a mild effect on GSP in this test. Therefore, these methods need further
investigation and selection to uncover properties of GSP concisely. Further, Ding et al.,
investigated recycled Semi-flexible Pavement material by splitting test at 20 °C, which
indicated its anti-cracking resistance was positively linked with viscoelasticity of the
binder [109].
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3.1.3. Moisture Resistance

GSP is considered as a promising anti-moisture pavement as it prevents water per-
meation by its high density and low residual void. This property can be assessed by
freeze-thaw test and Immersion Marshall test. The freeze-thaw test is divided into the
freeze-thaw splitting test (5T) and freeze-thaw indirect tensile strength (ITS) test. Thus, the
results of retained Marshall stability (RMS) and tensile strength ratios (TSR) are summa-
rized and illustrated in Figure 3 [6,38,49,70,77,103,104,110,111].
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Figure 3. Moisture resistance of GSP.

Moisture resistance of GSP is significantly enhanced with high void rate OMA. The
reason is that a high void rate can lead to void interconnection and saturated grouting [112].
From the figure, results of Immersion Marshall testing are commonly higher and easier
to reach design requirement than those in freeze-thaw tests, because of the more rigorous
experimental environment of the latter. There is another interesting phenomenon where
some RMS results exceed 100%. This phenomenon may be triggered by further hydration
of cement in GSP. Therefore, from this aspect, the freeze-thaw test may be more accurate
than the RMS test in the evaluation of moisture resistance for GSP.

3.1.4. Oil Corrosion Resistance

GSP is made to possess an excellent oil corrosion resistance by its good density. Hao
et al., adopted oil corrosion resistance test to assess GSP samples. Marshall samples were
soaked in #90 gasoline for 24 h to test its retained Marshall stability (RMS), which was
88.5% twice bigger than AC [6]. Hirato et al., also immersed Marshall samples in kerosene
for 48 h to attain RMS values, which exceeded 80% [111].

3.1.5. Impact Resistance

Impact resistance of GSP was just tested for some airport lanes by Split Hopkinson
Pressure Bar equipment, which was raised by Kolsky to measure stress pulse propaga-
tion [113]. The peak stress and failure modes of samples were collected and analyzed by
Dong-Hua Test Real-Time Data Measurement Analysis Software System under various air
pressures and different OMA void rates. It was found that GSP with 25% void rate had the
best impact resistance in the low-pressure areas (0.25 Mpa and 0.30 Mpa), and the 27%-GSP
sample could resist the peak stress value of 19.67 Mpa in the high-pressure areas (0.35 Mpa
and 0.4 Mpa) [113].
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3.1.6. Anti-Weather-Exposure Ability

Anti-weather-exposure ability of GSP was tested by conserving samples in an exposing
environment for 7 days, 90 days, 180 days, and 240 days. Its strength and fatigue life were
shown no decline in Marshall stability test and cyclic wheel load test [114].

In addition, thermal cracking equipment was adopted to evaluate long-necked speci-
mens at —5 °C. It was found the thermal resistance of GSP was positively related to the
content and viscosity of binders [115].

3.2. Fatigue Life Performance

The fatigue life of GSP has raised more concern in recent years, because of its different
fatigue life behavior from asphalt and concrete [116]. The results of fatigue life of GSP are
summarized in characteristics and correction factors, which are attained by the Indirect
Tensile Fatigue test (ITFT), Fatigue Bending test, Cyclic Wheel Load test, Proportion-scale
Accelerated Road test, and Full-scale Accelerated Road test. Test methods and fatigue
equations of these studies are also shown in Table 11.

Table 11. Fatigue life behavior of GSP.

Loading Void Rate . . . Fatigue
Author Test Mode of OMA Fatigue Equation Failure Standard Correction Factor
0.23
_ 3(1 % resi
T . Stress mode 25% Ny =1.5659 x 10 (?> 10% .reSldual 45
wo-point R2 =0.82 stiffness
bending test 0.2474
. _ 3(1 % initi
Oliveira et al. Strain mode 259% Ny = 22034 x 10°( 1) 50 (ffmmal data
[117,118] R2 =0.87 stiffness
Ne — 3.4809 x 102( 1 0.1323 9 mm vertical
ITFT Strain mode 25% f== x (5 displacement or 45
R2 = 0.9134 cracking
Four-point N = 1.0624 x 10°( L 46636
Ling et al. [119] o p . Stress mode 23% f = 10624 x 10 (;) Fracture 128.5
ending tes R2 = 0.9526
Three-voint < 1) 06166
Huang et al. [120] b rfl.e poin Stress mode 30% Ny = 24177 x 10 (E) Fracture N/A
ending test R2 =09134
7.0972
-DOi _ 20 (1
Wang et al. [55] bFOICIIIj point Strain mode 25% Ny =83x10 (E) Fracture N/A
ending test R2 =0.9915
Dynarr;ic splitting
. tensile test on 1.2903
Dingetal [109] G- e ting Stress mode N/A Ny =55 x 107 ( 1 ) Fracture 1703.3
system (MTS)
4.8951
-DOi _ 6(1
Hou et al. [38] meér. point Stress mode 28.9% Ny =1.7056 x 10 (5) Fracture N/A
ending test R2 = 0.9956
o (1)20113
Wang et al. [77] ITFT Stress mode 28% Ny = 61589 x 10 (5) Fracture N/A
R2 =0.9684
Semi-circul L[ 1) 444
Gong et al. [83] emi-cireuiar Stress mode 22% Ny =3.0199 x 10 (E) Fracture N/A
& bendin;
g R2=0.92
0.3483
i _ 1
Yang et al. CychF wheel Times 26% N, = 4.8551 x { ¢ 20 mm cracking N/A
[121,122] loading test R2 = 0.9311

3.2.1. Characteristics of Fatigue Life of GSP

Raw materials have effects on the fatigue characteristics of GSP. To assess the fatigue
life of GSP, the indirect tensile fatigue test (ITFT) and two-point bending test are commonly
used under stress or strain control mode. Fatigue curves illustrate that modified asphalt
(polymer asphalt or rubber asphalt) and low-shrinkage cement mortar dominate the fatigue
life behavior, while binder content has a slight influence [123]. Moreover, cement may be the
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most effective material for fatigue life in GSP, compared with asphalt and aggregate [120].
The fatigue life also increases with the growth of the void rate in OMA, which means more
cement mortar will be grouted in OMA [77]. Additionally, from the aspect of test conditions,
the fatigue life decreases with the rising test temperature and cannot be changed with
different loading frequencies [119,124].

The fatigue life of GSP has a linear relationship with stiffness modulus, of which the
equation is expressed as below [125]:

logN¢ = log a + B - logo + v - logE100 @

«, B, v are the regression parameters. Ejq is the stiffness parameter on the 100th cycle of
the fatigue test according to the European standard, and R? could reach 0.79.

In general, GSP shows a better fatigue life than traditional AC, especially in a low-
stress level [120,125]. However, the fatigue life of GSP decreases more rapidly than that of
AC and more slowly than that of semi-rigid material at the high-stress level. Due to this
reason, GSP may be inferior to AC in anti-fatigue performance with a higher stress [38].
The cumulative fatigue life of GSP will be also shorter than that of AC based on MINER’s
Linear Fatigue Damage Accumulation theory, according to the traditional fatigue failure
standard (50% of initial stiffness) [126].

However, far different from the pattern of fatigue curves of AC, GSP does not have
a sudden drop after loss of the 50% initial stiffness, and thus can still maintain its work
capacity instead of failing with loading time [117]. Consequently, 10% residual stiffness is
presented to be a new failure standard for GSP, and then the fatigue life of GSP is found to
be greatly underestimated [127]. Therefore, failure standards are important and can lead to
different results for the evaluation of fatigue life. Additionally, the strain control mode is
recommended for fatigue life test of GSP due to its thin course structure applied in field,
which shows a better fatigue life than the stress-control mode [123,128].

In 2015, Yang et al., adopted the Cyclic Wheel Loading test on GSP with different
OMA void ratios (20%, 23%, 26%, and 30%) [121,122]. The failure standard was defined as
a 20 mm crack on the surface. Finally, the repeated wheel loading times N, was derived,
which was close to the actual fatigue life in the field [121].

3.2.2. Fatigue Correction Factor

The correction factor or shift factor of fatigue life is an experiential effective coefficient
expressing the relationship between the fatigue life in test and that in field. According
to complex test conditions including material types, test methods, loading mode, and
testing temperatures, the shift factor is difficult to be unified and determined through
different studies.

Ling et al., calculated the fatigue correction coefficient of GSP as follows [119]:

Ny = é X % % 0.50 x % N, =5.48 x 103N, 2)

Specifically, the intermittent time coefficient was selected as 5; the stress-reduction
multiple of the fatigue life was 3 times; the transverse distribution coefficient was adopted
as 0.5; and the unfavorable season days was 60 [119].

Similarly, in another test, Ding et al., considered different factors from Ling: the
intermittent time coefficient was 7; the crack propagation coefficient was 20; the Days
number of the unfavorable season was 60; and the transverse distribution coefficient was
0.5. The result was expressed as follows [109]:

365 3
N, X7 %20 % 5 - Ny = 1703 x 10°N ®)

T 05
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Olivia et al., indicated the fatigue life correction factor of GSP should be calculated
based on ITFT data, considering the intermittent time and loading mode, as shown in
Table 12 [117,118].

Table 12. Fatigue Correction Coefficient of GSP [117,118].

Loading Mode Fatigue Life Correction Factor
Continuous loading 17,739 1.0
1000 cycles Loac.hng an.d Equivalent 40,980 23
Intermittent Time
2 cycles loading + 1 cycle intermission 50,823 29
1 cycle loading + 1 cycle intermission 140,050 7.9
1 cycle loading + 2 cycles intermission 734,395 414

Due to an additional factor of 1.1 for the lateral load distribution, 45 was finally
determined as the correction factor [117,118]. However, this factor was still thought to be a
conservative value, because the loading intermission in field was much longer than that
in experiment.

3.3. Computationand Simulation Method
3.3.1. Finite Element Method under Various Contact Models

The Finite Element Method (FEM) is widely utilized in study of material engineering.
FEM software such as ANSYS, ABAQUS, and BISAR are practiced in computation and
simulation for GSP. Physical properties of GSP are calculated under various contact models
according to different computational hypothesis and parameters from experience and tests,
as shown in Tables 13 and 14.

Table 13. Computational parameters of GSP in FEM.

Author Thickness H [cm]  Elastic Modulus E [Mpal] Poisson’s Ratio [u]
Yu et al. [129] 15 1200 0.25
Huang et al. [130] 10 2000 0.25
Chen et al. [131] 15 2000 0.25
Xu et al. [132] 20 2500 0.25
Wang et al. [133] 5 2000 0.25
Yang et al. [122] 30 3600 0.15
Setyawan et al. [40] 6 7600 0.24

Table 14. Results of FEM Calculation.

Author Maximum Shear Maximum Tensile Maximum Deflection
Stress (Strain) Stress (Strain) Value [mm]

Huang et al. [130] 0.235 Mpa 0.155 Mpa 0.572
Chen et al. [131] N/A 0.1224 Mpa 0.480
Xu et al. [132] 444 5ue 266.1ue 3.502
Wang et al. [133] 621.1 Kpa ~800 Kpa 0.213
Yang et al. [122] ~1.28 Mpa ~1.25 Mpa N/A
Setyawan et al. [40] 0.576 Mpa 3.80 Mpa N/A

FEM can calculate load status of GSP structures using the Elastic Layered System
model in three dimensions (3D) and two dimensions (2D). This model easily describes
the relationship between the traffic load and the whole structure of GSP. It is found that
the bonding of interlayers can reduce the shear stress, bottom tensile stress, and rebound
deflection in GSP [133,134]. Thus, the structure shows a better anti-shear capability than
AC, which results in a high rutting resistance [120-131]. This method also fits well and
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gains consistent conclusion in many circumstances, such as airports, which have different
structures and requirements, [122,132].

The toughness of GSP is calculated using the Visco-Elastoplastic model as the contact
model by the ABAQUS software. It is found that the toughness is affected by the OMA
void: when it was 25%, GSP has the highest toughness of 11.358 k] /m?, showing the best
anti-cracking capacity [135].

A 2D sectional image model is established by a CCD digital camera and CAD software
to analyze the position of cracking for GSP. OMA is assumed to be visco-elastoplastic, and
cement mortar is defined as elastic in the computational process. Then, expansion force and
contraction force in GSP are calculated by ABAQUS. The results show that expansion of
cement mortar has little or no effect on GSP; but contraction can dramatically increase stress
on asphalt-cement interfaces to lead to cracking [71]. In short, low-temperature shrinkage
of cement mortar is the main reason causing cracking and asphalt-cement interfaces are
the weak interfaces.

3.3.2. Compressive Strength Prediction Model

Compressive strength of GSP is assessed by Cube compressive strength test. The
values have a linear relationship with that of grouted hydrated cement mortar [136]. The
expression is shown as below:

y = 1.3619x%473¢, R? = 0.8525 (4)

x is the compressive strength of cement mortar; y is the compressive strength of GSP.
And the relationship can be illustrated in Figure 4:
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Figure 4. Relationship of compressive strength between cement mortar and GSP [136].

In addition, Wu et al., indicated that void rates of OMA and compressive strength of
GSP had an empirical regression relationship as follows [137,138]:

y = 8.3x% — 319.7x + 5181.4 (5)

x was the void rate of OMA (20%~30%); y was the resilient modulus of GSP.
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3.3.3. 252P1D Model
Cai et al., evaluated the viscoelastic behavior of GSP according to the 252P1D model
(composed of 2 spring units, 2 parabolic units, and 1 clay pot unit). It was found that the
252P1D model had a good correlation with the test results. The equation was expressed as
follows [139]:
E¢ — Ee
1+ pu(iwty) * + (iw) " + (iwpry) !

E*(w) = E, + (6)

E*(w) was the complex modulus; E, was the equilibrium modulus; E; was the glassy
modulus; w was the angular frequency; y was a calibration constant; i was the complex
number; 1y was the characteristic relaxation time; k and h were constant values defined as
0 <k <h<1;and § was a constant that depended on the viscosity of the dashpot.

The reinforcement effect of GSP is positively linked with the OMA void ratio, and the
dynamic modulus is associated with the gradation [139]. In other words, cement can play
a role to enhance the strength of GSP under high-temperature and low-frequency loads.

3.3.4. Weak Interlayer Model

A cracking model is specially introduced to calculate cohesion strength of interfaces
to determine the position of cracking and explain the internal factors through a full-scale
Heavy Vehicle Simulator test [42,140]. Then, the strain energy of distortion (SED) is defined
as the response parameter to predict weak interlayers. A high SED value presents a higher
vulnerability to to cracking at this position. The equation is illustrated as follows:

172 2 2 v 172 2 2
Vo = 55 (O'x + oy + O’Z) - E(Ux(fy + 005 + 0x0%) + Te (Txy + T+ sz), )
1—-2v
SED = Vo — ——— (0 + 0y +02)° )

6E

SED is the strain energy of distortion (N-m/m?); V; is the total strain energy per unit
volume; E is Young’s Modulus (Mpa); v is Poison’s Ratio; G was shear modulus (Mpa); o is
compressive or tensile stress; and 7 is shear stress (Mpa).

From the traditional perspective, thicknesses and Poisson’s ratios of GSP are selected
from experiential values referring to traditional AC pavement, rather than the values
from actually measuring. Therefore, though specialized parameters are adopted in tests
for GSP, these values vary widely. For instance, the U.S. Air Force recommends that the
elastic modulus of GSP should be 12,000 Mpa at 20 °C, following the given modulus-
temperature correlation curve (Figure 5), and Poisson’s ratio should be 0.27 [27]. However,
the design manual in the United Kingdom suggests the elastic modulus should be 8000 Mpa
and Poisson’s Ratio should be 0.25, according to an Indirect Tensile Stiffness Modulus
(ITSM) test at the frequency of 5 Hz and the temperature of 20 °C [118,141]. In contrast,
Pozarycki et al., back-calculated the in-situ GSP modulus by a Falling Weight Deflectometer,
of which the value reaches to 23,700 Mpa [142]. For this reason, the full-scale pavement
test is suggested to obtain the more precise property parameters [140].
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Figure 5. GSP Resilient Modulus Versus Temperature Design Curve.

4. Conclusions

According to the influential factors and the evaluation methods, recent studies of GSP

have been investigated over the last twenty years in this review article. It is concluded that:

Microstructure can be analyzed by microscopic observation method in the study
of influential factors. However, the result is generally subjective, because image
capturing and judging mainly rely on personal experience. Thus, associating tests
should be introduced to acquire results in qualitative and quantitative ways;

Effects of raw materials such as asphalt content and fine aggregate on GSP are not
clear enough, due to assumptions in GSP design. More conditions and parameters
need to be revised and developed for the evaluation of GSP;

Individual admixture cannot completely meet the requirement for the low-temperature
performance of GSP, while the combination of admixtures cannot be designed reason-
ably. More effective modifiers should be developed to improve the cracking resistance
of GSP;

Some other characteristics of GSP including interface strength, skid resistance, and
other properties are seldom studied, which should be explored to assess the perfor-
mance of GSP;

Models used in GSP simulation are based on assumptions of traditional AC. Therefore,
these computations and predictions cannot be accurate, as they ignore the difference
in behaviors and parameters between GSP and AC.

5. Future Studies

Based on the current literatures, some recommendations for future studies are pro-

vided, as follows:

Advanced technologies like X-ray CT and AFM technology can be used for character-
izing the micro-structure of GSP;

More factors need to be considered and revised by laboratory tests, including binder
content and fine aggregate;

High-efficiency interface modifiers and combined admixtures need to be developed
and evaluated,;

Full-scale accelerated test is recommended to assess the fatigue life and other proper-
ties of GSP;

Models of GSP should be carefully considered according to the influential factors in
simulation and computation.
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