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Abstract: As road base materials, porous cement stabilized aggregates (PCSA) can reduce the
erosion damage caused by the water inside pavement structure. However, due to the reduced
deformation resistancandanti-cracking ability associated with the high porosity, the application

of PCSA has been held back. A laboratory experiment was conducted in this study to improve t
cracking properties of PCSA through the incorporation of stytmriadiene-rubber (SBR) latex.

The effects of SBR latex usage on permeability, compressive strength, flexural strength and
anti-freezing ability of PCSA were investigated. In addition, the modification mechanissiRof

latex on the PCSA properties were analyzed. Test results indicated that the air voids and
permeability coefficient decreased with the increase of SBR latex dosages. The flexurdi strengt
and anti-freezing ability were improved when the SBR latex dosages is betweemd0%86. 7

d compressive strength has a slightly decrease while the 28 d compressive strengtdintheas
significant increase of flexural strength and anti-freezing wbiiin be attributed to the
interpenetrating matrices formation, stretching effect as well as flexildtityancementfter

adding SBR latex.

Key words. Porous cement stabilized aggregate, Styrene-butadiene-rubber latex, Latex modified,

Road base, Flexurahdcompressive strength
1 Introduction

Cement stabilized aggregates (CSA) have been widely used as road materials for the
characteristics such as high strength, good integrity, stadildjow cost (Pasetto, 2006tu et al.,
2011, 2014Jitsangiam et al., 2009). Howevarshortcoming of CSA when used as road base is

that the water penetrated into the pavement structure could not be removed in timesis a r



CSAwould be eroded under the hydrodynamic pressure generated by wheel loading, which leads
to premature pavement damage (Sha, 2001). For this purpose, the research on wateofstability
porous cement stabilized aggregate (PCSA) was performéte past few years (Zeng et al.,
2015).

Compared with conventional dense CAS, PCSA has higher coarse aggregate
(particle size larger than 4.75mm) contetotéorm a coarse stone skeleton. Mortar produced from

a mixture of fine aggregandcement adhered to the coarse stone skeleton, as welkkd#filhe

air voids. Due to the abundant presence of interconnected air voids, PCSA has goagedrai
ability but poor deformation resiste@(Sha, 2008; Jiang et al., 2015).

In a number of previous studies, fly ash, rubber partatekpolypropylene fibers weraddedin

the CSAto improve its flexural strength (Farhan et al., 2015; Guthrie et al.,; 2Q0ét al., 2011;

Yang et al.,, 2014; Hu et al., 2012). Furthermore, reseimrche field of cement mortar and
concrete material were referred to (Li et al., 2017; Ling et al., 2009). Polymershiddxeen
widely used to modify the mortar. The addition of latex could effectively incriresdéexural
strength and anti-cracking ability of hardened mortar due to the formation of elagtiepélms
(Kardon, 1997).

Wang et al. (2005, 2006) studied the effect of stybutadiene rubber (SBR) emulsion on the
degree of cement hydration. Their results stabthat, the degree of cement hydration reaches the
maximum value when SBR polymer-cement ratios (P/C) is 5%, 10% and 10%e forodified

pastes hydrated for 3 d, 7 d and 28 d, respectively. Baueregger et al. (2015) assasbtednte i

of carboxylated styrene butadiene latex copolymer on Portland cement hydration and found that
anionic styrenebutadiene latex generally retards both the aluminate and silicate reactions. The
retardation effect of styrene-acrylate copolymer latex on cement hydration was repadfeagby

et al. (2015). Similar studies were carried out to investigate the hydration behabiermpafiymer
modified jute fiber reinforced cement pasi® ét al., 2015). Sun et al. (2008) investigated how
polyacrylamide (PAM) alters the physicochemical and mechanical properties of concrete. Results
demonstrated that PAM can effectively improve the flexural strength, bonding strength, dynamic
impact resistance, and fatigue life of concrete, though it reduces the compressive stremgth to
extent. Huang et al. (2010) evaluated the effects of styrene butadiene rubber latexeabitigrm

compressive strength and split tensile strength of Portland cement pervious concrelts. Res



indicated that the addition of latex could increase the split tensile strength of pervious concrete.
Ukrainczyk et al. (2013) conducted experiments on the properties of calcium aluminate cement
(CAC) mortar modified with the styrenleutadiene-rubber (SBR) latex. Their study also sftbw

that the addition of SBR latex could increase the flexural strength of cement mortar.

Previously, studies have been conducted to improve the performance of cement stabilized
aggregate (CSA) and cement mortar by adding polymers latex, fibers and so on. However,
polymers latex modified PCSA have not been comprehensively investigated yet. Unlilenslee

CSA, both the strength of PCSA with different polymers latex dosages, and the eff®CEén
permeability, should be taken into account. Additionally, water is easy to remain in #r&gamat

due to the presence of abundant interconnected air voids in PCSA. As atresuoigre prone to
failure under the effect of freezing and thawing. Therefore, the ability of antifigealso needs

to be evaluated. For this purpose, this paper aims to study the effect of rawlrnatepasition

on the strength, permeability and anti-freezing ability of SBR latex modified PCSAslleasvihe
mechanism of interaction. Findings from this study be used to guide the mix design and the

performance evaluation of PCSA.

2 Materials

2.1 Aggregates

In this study, crushed limestone aggregates were used. Aggregates were obtained fromimuarries
Shaanxi Province of China which are mainly used for highway construction. The physical and
mechanical properties of aggregates were measured in accordance to Chinese specification JTG
E42 (Ministry of Transport, 2005). The aggregate properties are listed in Table 1.

Tablel

Properties of aggregates used in the tests.

Sieve diameters Properties Testing Methods Test result
30-10mm Bulk specific gravity (g/crf) T 0304-2005/ASTM C 12B8  2.791
Water absorption (%) T 0304-2005/ASTM C 1289 0.820
Crushing value (%) BS 812-112 12.0
Flat and elongated particles (% T 0312-2005/ASTM 4791 8.0
10-5mm Bulk specific gravity (g/cr§) T 0304-2005/ASTM C 12B8  2.812
Water absorption (%) T 0304-2005/ASTM C 12B9 0911

LA abrasion loss (%) T 0317-2005/ASTM C 535 14.33



Flat andelongated particles (% T 0312-2005/ASTM 4791 8.4

5-0.075mm Bulk specific gravity (g/cr¥) T 0330-2005/ASTM C 1283  2.681
Sand equivalent T 0334-2005/ASTM D 24199 65.7

The aggregate graduation of PCSA in this study is presented in Table 2.
Table2

Gradation of PCSA for testing.

Sieve size (mm) 315 265 190 160 132 95 475 236 0.075

Percent passing (% 100 95 70 57 48 35 9 5 1

2.2 Cement

The Portland cement used in this test was obtained from Qinling cement plant in ShadangeProv
of China. The main properties and specification criteria of Portland cement are listed in Table 3.
Table3

Properties of cement.

Properties Testing methods Test result
Fineness (80m square hole sieveo ASTM C 786 7.1
Initial setting time, min ISO 9597 178
Final setting time, min ISO 9597 227
3 d compressive strengthlPa ISO 679 20.1
3 dflexural strengthMPa ISO 679 4.9
2.3 SBR latex

SBR latex (density: 0.97 g/énglass transition temperatu°C; pH value: 8 - 10; solid content:
46 - 48%) and tap water were used in the experiment. This type of SBR latex is found in goo

quantity in Shaanxi Province which has potential to be widely used in road construction projects.

3 Test methods

3.1 Sample Preparation

The following method was used to prepare PCSA. Iffirstggregate and cement were mixed
together in a mixer for 60 s. Then, water was added into the mix and the mixing pwasess
continued for 120 s. At last, SBR latex was added and all the ingredients were mixed together for
120 s. There are two approaches to mold specimens both following Chinese standard
specifications JTG EL (Ministry of Transport, 2009)one is normal compaction (similar

principles to the Marshall compaction), and the other is vibrating compaction. Since thehBCSA



high interconnected airoids which means small contact areas between aggregate particles, it is
not suitable to use normal compaction to mold specimens, for normal compaction wouldhresult i
the breakage of aggregates in PCSA (Hu, 2004).

Vibrating compaction was used to mold specimens. In the process of compaction, aggregate
particles moved and rearranged closely under the vibration Asad result, the breakage of
coarse aggregaevas significant redwed. Vibration frequency used in the test was 28 Hz, and
excitation force was 6800 N. Compaction time was 30 s.

In this study, wo sizes of specimens were prepared. Cylindrical specimens (150 mm in diameter
and 150 mm in heigh) were prepared according to Chinese standard specifications JTG E51
(Ministry of Transport, 2009for the test of compressive strength, permeakslitg anti-freezing
ability. Beam specimens (400m in length, 100 mm in width and 100 mm in height) were
prepared for the test of flexural strength. Specimens were cured®@ta2@ 95% relative

humidity.
3.2 Air voids test method

Underwater weighing method was used for determining the air voids of PCSAy, Biiimerge
the specimen in a water bath at@dor 6 h then weigh it underwater i{fmNext, remove the
specimen from the water and dryn anovenat 102°C for 12 h (until constant weight is achieved).
After that, cool the specimen in air at room temperature for 2 hours then detdreninass ().

At last, measure the diameter @hdheight (h) of the specimen four times for each dimension
The average value of each dimension was used for calculating the volume. The aifMVdids (

were calculated using Equation 1.
W =1- % 1)
2
whereWV is the air voidsp is the density of water at temperature of@Qthe value of 0.99822
g/cm? was used.
3.3 Permeability measurement

As shown in Fig. 1, the permeability was measured using the constant head permeameter. Head

difference between the first overflow outlet and the second was 10 cm. The volumerofQyat



collected fromthe second water outlet and the corresponding testing time (t) were recorded. The

permeability coefficient (k) was calculated using Equation 2.

. Q

Txr’xt

2
where k is the permeability coefficient (cm/sysuallyis 30 s Q (mL) is the water flow in 30;3

is the radius of specimen, the value of dhbwas used.
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Fig. 1. Schematic plot of permeameter.

3.4 Strength

3.4.1 Compressive strength

Cylindrical specimens with 150 mrnm diameter and 150 mm in height were used for the
compressive strength test. The number of specimens in each test group was six. To conduct the
test, the specimen was imposed a vertical load continuously, at a constant speednatidefof

1 mm/min, until the peak load (P) is reached. The compressive streggitagralculated using

Equation 3.
P

R = ry ®3)
where R is the compressive strength (MPR is the peak load\(; A is the cross-section area of
specimen (mn).
3.4.2 Flexural strength
The flexural strength of prismatic specimens with dimensions 100 mm x 100 mm x 400 mm size
were determined with a four-point bending test. The number of specimens in each test group was

six. Universal testing machine was used for the test adittading rate of 50 mm/min. The peak

load (P) was recorded. The flexural strengt¥) {/&s calculated using Equation 4.



PL
R=1h

where R is the flexural strength (MPa); P is the peak Iddy [ is the distance between the two

(4)

bottom fulcrums (30@nm); b is the width of specimen (100 mrh)is the height of specimen (100

mm).

3.5 Anti-freezing ability

The evaluation of the anti-freezing ability (AFA) could be described as follows. Bilidracal
specimens with 28 d curing time were divided into two groups. One group was then subjected to
additional 5 freeze-thaw cycles. Each cycle consisted of applyif@ t&@perature for 16 h and

then 20°C temperature for 8 h. Then, Compressive strength test was conducted with both groups.

The anti-freezing ability was defined as a ratio of compressive strength after arel hefales

of freezing and thawing, as shown in Equation 5.

AFA= Foc 4100 5)
R

where AFA is the ratio of compressive strength after and before 5 cycles ohdreezi thawing
cycles which represent the anti-freezing ability of the matdfigl Roc is the compressive
strength of specimen after 5 freeze-thaw cycle (MRais the compressive strength of specimen

without freeze-thaw cycle (MPa).
4 Effects of material composition on PCSA performance

The experiments were designed as follows: Firstly, the appropriate cement content and mixing
water amount was fixed accordingtt@ results of compressive strength test. Then, the effects of
SBR latexs dosage on PCSAs performance were studied. Each mix composition of PCSA were

tested using six replicate specimens, and the arithmetic mean was taken for the result.
4.1 Cement content

Based on previous research resalisl common experience (Zhang, 2011), the mixing water
amount was fixed at 3.8%, and five types of PCSA were prepared with cement content @f, 6%, 7
8%, 9% and 10%. The cement content was presesdesl percentage of the total mass of
aggregates. The mixing water amount was calculated based on the total weight of aggregates and

cement. Results of the 7 d compressive strength for PCSA with different cement cargents



presentedn Fig. 2. The error bars represent + standard deviaBh ffom six independent trials.

It can be seen that the higher the cement content, the higher the 7 d compressive strength of PCSA
is.

It was also found that there was not enough cement paste between the coarse aggregate particles
when the cement content was less than 7%. Therefore, the compressive strength was Iedatively
However, when the cement content reached 10%, the abundant cement paste would move down
along the interconnected air voids during vibrating compaction. As a resudid itol the
heterogeneous distribution of the air voids, which means the air voids at the bottom of the
specimens are smaller than the upper part. And this would lead to a reduction in pepmkabilit

view of the above considerations, the cement content was fixed at 9% in this study.

8

7d compressive strength (Mpa)
N

5 6 7 8 9 10 "

Cement content (%)

Fig. 2. Relationship between cement content and 7 d compressive stréRgiSA.
4.2 Mixing water amount

In order to investigate the appropriate mixing water amount, the cement content was fixed at 9%
and five types of PCSA were prepared with mixing water amount of 3.6%, 3.7%, 3.8%, 3.9% and
4.0%. Fig. 3 shows the test results of the 7 d compressive strength for PCSAfeiémtdmixing

water amount. The error bars represent + SD from six independent trials. The resulteathow t
with the mixing water amount increased from 6% to 10%, the 7 d compressive stERGIBA
increased first and then began to decline. It can be seen that t@repBmum mixing water

amount of 3.8% which made the 7 d compressive strength the highest.
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Fig. 3. Relationship between mixing water amount and 7 d compressive stofiREIBA.

4.3 SBR latex dosages

4.3.1 Effects of SBR latex dosages on optimum mixing water amount

In order to investigate the effects of SBR latex dosagd¥CSA performance, the cement content

was fixedat 9%. According to previous research results (Wang et al., 2006; Baueregger et al.,
2015; Yang et al., 2009), five types of PCSA were prepared with SBR latex dosagesbéb,0%,

10%, 15% and 20%, and SBR latex dosages was calculated as a percentage of the weight of
cement. The optimum mixing water of PCSA with different SBR latex dosagsdetermined
according to the 7 d compressive strength of PCSA, as shown in Fig. 4. The error kaentepr

SD from six independent trials. It can be seen that tseaenegative linear correlation between

SBR latex dosages and the optimum mixing water amount, which means the addition of SBR
would reduce the optimum mixing water amount. The two main reasons can be: ig dneoeint

of waterin the SBR latex, and plymer particles in latex exert ‘ball bearing’ action (Ukrainczyk

et al., 2013; Ohama, 1995), such as the entrained air and the dispersing effect of surfactants.

4.0

3.5 4

Water% = -0.042 SBR% + 3.86

R? = 0.975
25 4

Optimum mixing water amount (%)
w
=)
L

2.0 T
0 5 10 15 20
SBR latex dosages (%)

Fig. 4. Relationship betweeSBR latex dosages and optimum mixing water amount.



4.3.2 Effectoof SBR latex dosages on permeability

The air voids and permeability coefficient of PCSA with different SBR latex dosages are presented
in Fig. 5. The error bars represent £ SD from six independent trials. The isstitate that the

air voids and permeability coefficient decreased with the increase of SBR latex dosages. The
reason can be explained by the fact that small holes in PCSA are filled by SBR polyiokspart
thus the mixture get more compedt

A permeability coefficient of 0.7 cm/s is approximately equivalent to 600 m/day. As to @atvem
surface mixture, a minimum permeability coefficient value of 100 m/day was suggest€tiiby N

and ASTM International (D 7064-04) (Mallick, 2000). It can be concluded from the aboye that
although the addition of SBR latex has a negative impact on the permeability coefficient’of PCS
the mixture still has good drainage ability.

1.2 25

1.0 | W

0.6 -

— N
G S
Air voids (%)

T
_
o

- Permeability coefficient
-8 Air voids

Permeability coefficient (cm/s)

0 5 10 15 20
SBR latex dosages (%)

Fig. 5. Coefficient of permeability and air voids of PCSA with differ&&R latex dosages.
4.3.3 Effects of SBR latex dosages on compressive strength

Table 4 gives the 7 d and 28 d compressive strength of PCSA with different SBEds#&es.

The 7 d compressive strength saatightly decrease after adding the SBR latex. In contrast to the

7 d compressive strength, the addition of SBR latex has positive effects on incrbasi@ylt
compressive strength of PCSA. When the SBR latex dosages was 15%, the 28 d compressive
strength increased by 5.28% compared with PCSA without SBR latex. When the SBR latex
dosages increased to 20%, the percentage of increase irisPX8SAcompressive strength fell

back to 3.08%.

Table4

7 d and 28 d compressive strength of PCSA with different SBR datexges.



7 d compressive strength 28 d compressive strength

Cement  SBR latex Mixing water
contents (% dosages (% amount (%) Average o, Rateof  Average o, Rateof
value (MPa) change (% value (MPa) change (%

9 0 3.8 5.78 0.37 - 7.49 0.52 -

9 5 3.7 5.67 0.32 -1.90 7.45 0.32 -0.53
9 10 3.6 5.63 0.27 -2.60 7.62 0.38 1.74
9 15 3.4 5.58 0.32 -3.46 7.88 0.46 5.21
9 20 3.2 5.55 0.37 -3.98 7.72 0.50 3.07

aSD represent standard deviation from six independent trials.

4.3.4 Effects of SBR latex dosages on flexural strength

Table 5 shows the 7 d and 28 d flexural strength of PCSA with different SBR latex dd3ages.
results illustrate that the flexural strength of PCSAlirsicreased then decreased when the SBR
latex dosages increased from 0% to 20%. The flexural strength appeared to be maximized when
the SBR latex dosages was about 15%. It can be seen that in general, the addition of SBR latex
improved the flexural strength of PCSA, and the promotion of early (e.g. 7 days) fleremgtist

was more significant.

Table5

7 d and28d flexural strength of PCSA with different SBR latex dosages.

7 d tensile strength 28d tensile strength

Cement  SBR latex Mixing water

contents (%, dosages (% amount (%) Average o, Rateof ~ Average o, Rateof
value (MPa) change (% value (MPa) change (%
9 0 3.8 1.67 0.10 - 2.23 0.15 -
9 5 3.7 1.77 0.08 5.99 2.30 0.15 3.14
9 10 3.6 1.91 0.07 14.07 2.50 0.12 1211
9 15 34 1.96 0.09 17.13 2.57 0.14 15.25
9 20 3.2 1.89 0.12 13.17 2.44 0.17 9.42

aSD represent standard deviation from six independent trials.

4.3.5 Effects of SBR latex dosages on anti-freezing ability

The results of the tests for the anti-freezing ability (AFA) are presemtEd)i 6. The error bars
represent + SD from six independent trials. It can be seen that AFA value incrédese®&BR

latex dosages increased. A steep initial gain in AFA occurred when the SBR latex dosages
increased from 0% to 10%, followed lymoderate AFA gain when the SBR latex dosages
continued to increase to 20%. The general trend indichsdhe addition of SBR latex could

improve anti-freezing ability of PCSA.
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Fig. 6. Effect of SBR latex dosages anti-freezing ability of PCSA.
In general, the addition of SBR latex will improve the PCSA's flexural strength, asasvell
anti-freezing ability. However, the addition of SBR latex also resulted in increased casts. It

estimated that the material cost increases by about 20% with the addition of 10%t&BR

(Alibaba, 2017).
5 Mechanism of SBR latex modification

Scanning Electron Microscope (SEM) was used for further analysis and interpretatiom of
experiment results. The results were obtained using micro-images of RESASBR latex

dosages of 0%, 10% and 20% after curing for 7 d, as shown in Fig. 7.
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Fig. 7. SEM pictures of PCSA with different SBR latex dosages.

Fig. 7ashows the SEM picture of PCSA without SBR latex. Abundant cement hydration products
such as calcium silicate hydrates (C-S-H) and ettringite (AFt), could be fGu8eH appears in

the form of a coating product around aggregate particles. The coating product presents elongate
tobermorite-like gels. AfFis elongated into a needle-like shape. These products indicate that
hydration of cement was adequate, whicarigssential requirement for the formation of strength.

The AFt could be seen in the surface of PCSA with 5% SBR latex (Fig. 7b), whilél Qv&s
significant less than Fig.affor the reason of SBR latex covering. When the SBR latex dosages
reaches 10% to 15%, the smooth-faced polymer was evident in the SEM picturéc @igl Fig.

7 d), as well as some Aft raised in the surface of SBR latex. And no obvious ®@&S-found.

The surface of particles was covered by a dense polyskar’ when the dosages of SBR latex
reaches 20% (Fig. 7e), which makes hydration products hard to ebserv

As is evident from Fig. 7, the addition of SBR latex results in a significaatdation of cement
hydration. This effect is more obvious with the dosages of SBR latex incredsaih@dyk et al.,

2013; Kong et al., 2015). Meanwhile, the SBR polymer and cement hydration products commingle
and create two interpenetrating matrices which work together, as well as the bonding sfrength o
SBR polymer itself, compensating for strength reduction due to insufficient hydraton. A
mentioned above, the 7 d compressive strength of PCSA decreased slightly when the SBR latex
dosages increased from 0% to 20% while the 28 d compressive strength of PCSAdncrease
slightly due to the effects of further hydration at late d@ekto 28 d).

Flexural strength of PCSA increased significantly by adding SBR latex. The reason can be

explained by the fact that the SBR polymer and cement hydration products commingle and create



two intergenetrating matrices which work together. On the one hand, SBR polymer has
good flexibility and resilience which improves the deformation resistance of PCSA. ©théne

hand, the polymer forad a polymer “skin” surrounding the aggregate particles. When cracks
appear on the surface of particles, SBR polyimethe fracture formed stretching band to
suppress the development of cracks (Fig. 8). However, when the dosages of SBR latex increased
to 20%, the flexural strength of PCSA decreased compared with the dosages of 10% and 15%.
This is due to the fact thablymer films in the mortars become thicker, dhd excessive polymers
strongly retard or suppress the cement hydration confirming the findings by other researchers
(Bishop et al., 2006; Chakraborty et al., 2013; Jo et al., 2014), as well as the low oachani

capacity of SBR polymer in the mortar.

TR S AR

N

S§4800 3.0kV 9.6mm x10.0k SE(U)

Fig. 8. SEM pictures of PCSA in cracks.
Additionally, the enhancement of PCSAnNti-freezing ability after adding SBR latex could also

be attributed to the flexibility of the material, as well as filling and compacting effects.
6 Summary and conclusions

The main findings of this study can be summarized as follows.

(1) The addition of latex could effectively improve the flexural strength and anti-freezirty abili

PCSA provided that a good permeability is maintained. The optimum dosage of SBRdatex w
recommended as 10% to 15% by the mass of cement. The same approach (e.g. mix design, dosage
increments) can be used for experimental testing of other performances of the mixture. The

findings from this study can be used to optimize the mix design and the performance of PCSA.



(2) The 7 d compressive strength of PCSA has slightly decreased after adding SBR latex, and the
magnitude of reduction increased with increasing SBR latex dosages. However, the addition of
SBR latex has positive effects on improving the 28 d compressive strength. The reasen can b
explained by the fact that the addition of SBR latex results in a significant resardattement
hydration. And this effect is more obvious with the dosages of the latex increased. Holeever,
long-term compressive strength of PCSA improved with the curing time increased.

(3) The flexural strength of PCSA increased first and then began to flatten, oly stigbline

when the SBR latex dosages increased from 0% to 20%. The flexural strength appdseed t
maximized when the SBR latex dosages reaches 15%.

(4) When the SBR latex dosages increased from 0% to 20%, the anti-freezitygoddiCSA
increased, andhe air voids decreased, as well as the permeability. The rate of increase of
anti-freezing ability became low when the SBR latex dosages exceed 10%.

(5) The mechanism of flexural strength and anti-freezing ability increased dramaticallytbee to
interpenetrating matrices formation, stretching effect as well as flexildtityancementfter

adding SBR latex. However, adverse effect was that the polymer fwouich polymer “skin”
surrounding the aggregate particles, which retarded or suppressed the cement hydration.

(6) The addition of SBR latex will improve the PCSA's flexural strength, asawedhti-freezing

ability. However, the addition of SBR latex also resulted in increased costs. Therefore, the PCS
performance requirements and the cost should be carefully weighed and evaluated in practice.
Further studies can be carried out by incorporating low cost materials, such as siliaax flyme

ash, to improve the antifreeze properties of PCSA, as well as the long-term pec®wh® CSA

in the field.
Acknowledgements

This project was supported by the National Natural Science Foundation of China (Grant No. 51608043), Natural
Science Basic Research Plan in Shaanxi Province of China (Grant No. 2015KJXX-23), Fundamental Research
Funds for the Central Universities (Grant No. 310828161013), and Supported by Key Laboratory of Highway
Construction & Maintenance Technology in Loess Region, Ministry of Transport (Grant No. KLTLR-Y 13-18).

References

Alibaba. (2017). “Polymer SBR latex pricé <
https://www.alibaba.com/product-detail/Polymer-SBR-latex-price_6053@6b&nI?s=p>; [Accessed April



2, 2017].

Bishop M, and Barron AR. (2006).“Cement hydration inhibition with sucrose, tartaric acid, and lignasaiéo
analytical and spectroscopic studyndustrial and Engineering Chemistry Reseaibl. 45, No. 21, pp.
7042-7049 DOI: 10.1021/ie060806t.

Baueregger S., Perello Mand Plank J. (2015¥Influence of carboxylated styrene-butadiene latex copolymer on
Portland cement hydratich. Cement and Concrete Composites, V@3, pp. 42-50, DOI:
10.1016/j.cemconcomp.2015.06.004.

Chakraborty S., Kundu.SP., Roy A., Adhikari B. and Majumder SB. (2013). “Effect of jute as fiber
reinforcement controlling the hydration characteristics of cement nYathndustrial and Engineering
Chemistry Research, Vol. 52, No. 3, pp. 126260, DOI: 10.1021/ie300607r.

Farhan A H., Dawson A R., Thom N. H., Adam $.and Smith M.J. (2015). “Flexural characteristics of
rubberized cement-stabilized crushed aggregate for pavement sttublaterials and Design, Vo88, pp.
897-905, DOI: 10.1016/j.matdes.2015.09.071

Guthrie W. S., Sebesta, &nd Scullion T. (2001):Selecting optimum cement contents for stabilizing aggregate
base material, Report No. FHWA/TX-05/7-4920;Zexas Transportation Institute, TX.

Hu L. Q. (2004). “Research on structural characteristic and component design methods for sehhatg course
material.” Ph.D. Dissertation, Chang’an University, Xi’an, China. (in Chinese with English summary).

Hu L. Q, and Wang C. F. (2011)Application of core sample image acquisition system to coarse atgrega
gradation analysis of cement stabilized aggredgatescedia Engineering, Vol5, pp. 45134515, DOI:
10.1016/j.proeng.2011.08.847

Hu L. Q, Hao J. X., and Wang L. B. (2014)Laboratory evaluation of cement treated aggregate containing
crushed clay brick. Journal of Traffic and Transportation EngineeriNgl. 5, No. 1, pp. 374382 DOI:
10.1016/S2095-7564(15)30283-X.

Hu L. Q., and 8a A. M. (2012).“Research on mixture component design of "skeleton-dense" cemashf
stabilized aggregateJournal of Highway and Transportation Research and Developments{Eaglition),
Vol. 6, No. 1, pp15-20, DOI: 10.1061/JHTRCQ.0000084.

Huang B. S., Wu H., Shu Xand Burdette EG. (2010).“Laboratory evaluation of permeability and strength of
polymer-modified pervious concreteConstruction and Building Materials, Va4, No. 5, pp.818-823
DOI: 10.1016/j.conbuildmat.2009.10.025.

Jitsangiam R and Nikraz H. (2009):Mechanical behaviours of hydrated cement treated crushed rock kase as
road base material in Western Austrélimternational Journal of Pavement Engineering, ¥6).No. 1, pp.
39-47, DOI: 10.1080/10298430802342682.

Jo B. W., Chakraborty Sand Yoon K W. (2014).“A hypothetical model based on effectiveness of combined
alkali and polymer latex modified jute fibre in controlling the settand hydration behaviour of cemént.
Construction and Building Materials, V@8, pp. 19, DOI: 10.1016/j.conbuildmat.2014.06.043.

Jo B. W., Chakraborty Sand Lee Y.S. (2015).“Hydration study of the polymer modified jute fibre reinforced
cement paste using analytical technigtigSonstruction and Building Materials, Vol. 101, pp.166-173
DOI:10.1016/j.conbuildmat.2015.10.086.

Jiang W., Sha A., Xiao J., Li Y. andukhg Y. (2015). “Experimental study on filtration effect and mechanism of
pavement runoff in permeable asphalt pavement.” Construction and Building Materials, Vol. 100, pp.
102110, http://dx.doi.org/10.1016/j.conbuildmat.2015.09.055.

Kardon J. B. (1997):Polymer-modified concrete: revieWJournal of Materials in Civil Engineering, Vol. 9, No.

2, pp.85-92, DOI: 10.1061/(ASCE)0899-1561(1997)9:2(85).
Kong X. M., Emmerling S., Pakusch J., Rueckel, Mnd Nieberle J. (2015):Retardation effect of

styreneaaylate copolymer latexes on cement hydratidbement and Concrete Research, Vol. 7528p41,



DOI: 10.1016/j.cemconres.2015.04.014.

Ling T., Nor H. M. and Hainin M. R. (2009). “Properties of Crumb Rubber Concrete Paving Blocks with SBR
Latex.” Road Materials and Pavement Design, 10:1, 213-222, DOI: 10.1080/146206299690188.

LiJ, NiF., Jin J. and Zhou Z. (2017). “A comparison of rejuvenator and sryrene—butadiene rubber latex used in
hot inplace recycling,” Road Materials and Pavement Design, 18:1, 101-115, DOL:
10.1080/14680629.2016.1142465.

Mallick R. B., Kandhal P., Cooley J. L., Watson D. E. (2000). “Design construction, and performance of new
generation opegraded friction courses.” NCAT Report No. 2000-01, Auburn, AL: National Center for
Asphalt Technology.

Ministry of Transport. (2005). “Test methods of aggregate for highway engineering.” JTG E42-2005, P.R. China
(in Chinese).

Ministry of Transport. (2000 “Test Methods of Materials Stabilized with Inorganic Binders for Highway
Engineering, StandardJTG E51-2009, P.R. China (in Chinese).

Ohama Y. (1995). Handbook of polymer-modified concrete and mokay®s Publications, New Jersey, USA.

Pasetto M. (2000):The re-utilisation of discarded building materials in cement-stabilised lager®ad and
airfield pavements.Waste Management Series, Vol. 1, pp. 548566, DOI: 10.1016/S0713-2743(00)80066-5.

Sha QL. (2001).“Premature damage and its preservative measures of bituminous pavement on expressway.”
China Communications Press, Beijing, China. (in Chinese).

ShaA. M. (2008).“Material characteristics of semi-rigid ba%€hina Journal of Highway and Transport, Vol. 21,
No. 1, pp. 5, DOI: 1001-7372(2008)01-00@5. (in Chinese with English summary).

Sun Z. Z, and Xu Q.W. (2008).“Micromechanical analysis of polyacrylamide-modified concrete for improving
strengths’ Materials Science and Engineering A, Vol. 490, pp-182, DOI: 10.1016/j.msea.2008.01.026
Ukrainczyk N, and Rogina A. (2013):Styrene—butadiene latex modified calcium aluminate cement mdrtar.

Cement and Concrete Composites, Vol. 41,16p23, DOI: 10.1016/j.cemconcomp.2013.04.012

Wang R., Wang P. Mand Li X. G. (2005).“Physical and mechanical properties of styrene—butadiene rubber
emulsion modified cement mortdrsCement and Concrete Research, Vol. 35, No. 5, pp-98@&> DOI:
10.1016/j.cemconres.2004.07.012.

Wang R., Li X. G,and Wang PM. (2006).“Influence of polymer on cement hydration in SBR-modified cement
pastes:® Cement and Concrete Research, Vol. 36, No. 9, pp. 1754, DOl
10.1016/j.cemconres.2006.05.020.

Xiao P, and Li P. (2010):‘Contrastive analysis of performance of cement-stabilized aggregate modified with
SBR emulsion and polypropylene fibérslournal of Build Materials, Vol. 13, No. 6, pp. 8820, DOI:
1007-9629(2010)06-0817-04. (in Chinese with English summary).

Yu H. C., and 8nL. J.(2011).“Trial study on strength and its influence factors of low dosage riaestebilized
aggregate3.International Conference on Electric Technology & Civil Engineefiinghan, China, Vol. 1, pp.
5674-5677, DOI:10.1109/ICETCE.2011.5776142.

Yang R. C., Li K., &uJ. P, Au T. K., Dong Z., and Wu D.C. (2014).“Effect of rubber particles on cement
stabilized gravel systethJournal of Wuhan University of Technology-Mater. Sci. Ed., Va29, No. 5, pp.
990-995, DOI: 10.1007/s11595-014-1032-

Yang Z. X., Shi X. M., Creighton A. Tand Peterson MM. (2009).“Effect of styrene—butadiene rubber latex on
the chloride permeability and microstructure of Portland cement mormamstruction and Building
Materials, Vol.23, No. 6, pp. 2283290, DOI: 10.1016/j.conbuildmat.2008.11.011

Zeng M. L, Xue Z. L, Gu S. J,and Tan B. Y. (2015):Trial study on the pavement performance of open graded
cement stabilizé aggregate baseJournal of Beijing University of Technology, Vol. 41, No. 4,.1579-583,
DOI: 10.11936 /bjutxb2014100036. (in Chinese with English summary).



Zhang Q. Q(2011).“Study on materials composition design method and performance vadas&aleton-pore

cement stabilized aggregate b&dd.S. thesisChang’an University, Xi’an, China. (in Chinese).



