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This research aims to study the potential of using recycled materrals and

natural rubber tatex (NRL) in rmproving the performance of cement-stabitized laterit]c

soiL for pavement app[ications. The steeI sl.ag (5S) and recycled concrete aggregate

(RCA) rep[acement ratios of 500/o and 70% were studied. The cement content of 5o/o

by weiqht and dry rubber to cement (r/c) ratios of )a/o, 3o/o, 5o/o, 10%, and 1570 were

examined. Geotechnica[ laboratory experimentaI programs were investigated under

severaI infl.uent factors such as steeI stag-to-taterrtic soi[ (SS:LS) ratios, recyc[ed

concrete aggregate-to-Lateritic soil. (RCA:LS) ratios, dry rubber-to-cement (r/c) ratios in

order to clarify three main objectives of the research. Firstty, unconfined compressive

strength (UCS) and rndrrect tensrte strength (lTS) tests, and microstructure analysrs

incIuding scanning eiectron microscope (SEM) and X-ray diffraction (XRD) were

performed. Secondl.y, rndirect tensil.e resitlent modulus (lT M,) and indirect tensi[e

fatigue (lT F") tests were conducted in order to assess the resilient modulus and fatigue

life of cement-NRL stabllized recycled materiaLs and [ateritic soiI blends under cyctic

loadlnq conditions. FinaL[y, the durability against wetting-drying (w-d) cyctes test of

cement-NRL stabilized recycled material.s and lateritic soil btends was performed. The

unconfined compressive strength (UCS* 6), weight [oss, water absorption, and

microstructural change were considered as the results of the w-d cycles test.

The strength resutts showed that the cement-NRL stabilized recycled materials

and lateritic soil btends can be used as pavement base course materiats as their

strength meets the minimum strength requirement specified by Department of

Highway, Thailand. The coexistence of cement hydration products and NRL fitms



formed by optimum NRL content (optimum r/c ratro) can reduce the pore space and

enhance the interpartic[e bond strength, resulting in the strength deve[opment of

cement-NRl stabilized blends. The optimum r/c ratio was found to be 3% and 5o/o for

cement-NRL stabitized SS:LS and RCA:LS bl.ends, respective[y producing the highest

vaIues of UCS, lT5, lT M,, and lT Fn, which were higher than those of cement stabilized

SS:LS and RCA:LS blends. However, beyond the optimum r/c ratio, the excessive

amount of NRL generated thick NRLfilms and retarded the cement hydration process,

resul.trng in low-strength devel.opment. The cement-NRL stabil.ized SS:LS btends

exhlbited higher mechanicaI strength propertres and fatigue properties than the

cement-NRL stabilized RCA:LS btends. ln addition, for both types of recycled materiaLs,

the cement-NRL stabilized SS/RCA:LS blends with 70% recycled materiaI replacement

ratio exhlbited superior mechanicaI strength and fatigue properties than the samptes

with 50% recycled materra[ replacement ratro. lt was also found that the mechanical

strengths and fatigue properties of cement-NRL stabilized studied bLends re[iant on

the r/c ratlo. Hence, the retatronship between UCS, lTS, lT Mr, and lT Fn of cement-

NRL stabitized SS:LS and RCA:LS samp[es at various r/c ratios was established with high

accuracy. The durability test result showed that the UCS*6 of cement-NRl stabitized

btends increased with the increase of the number of w-d cycles, up to the third cycte

and then decreased beyond 3 cycles. The SEM images a[so indicated that the presence

of NRL fllms infiltrates pores and cracks of cement-stabilized structure, resu[ting in the

higher UCS*d and Lower weight loss and water absorption of cement-NRl stabitized

SS:LS and RCA:LS blends compared to the cement stabitized SS:LS and RCA:LS blends.

This research wil.[ provide new insights into improved mechanical of cement-

stabitized lateritic soiI using rerycled materia[s replacement and natural rubber latex

for pavement apptications. Recycled material.s applications are not onl.y improving the

unfavorabte properties of lateritic soil to comply with the specifications for high

votume roads designated by internationaI or locaL road authorities but also contrlbute

to solving the environmental burden due to the increasing waste material.s. With

similar elastic and tensile properties to synthetic polymer additives, NRL is recognized

as a "green'additive to improve the microstructure and mechanical properties of



cement-stabllized materiats atternate to Synthetic polymer additives. The shortcoming

of cement-stabitized materia[s such as brittle behavior as wetI as durability can al'so

be enhanced by using naturaI rubber latex.
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CHAPTER 1 

INTRODUCTION 
 

1.1 Background 
Thailand is recognized as one of the developing countries with the fastest and 

strongest growth in Southeast Asia and in the world. The achievement in process of 

national economic expansion is significantly contributed by the continuous 

development of infrastructure, especially the transportation system. Within the road 

infrastructure construction progress, a remarkable expansion in the use of high-quality 

natural materials is inevitable. Hence, a vast amount of natural material needs to be 

exploited to provide construction, which causes negative influences on the 

environment and makes natural materials increasingly scarce.  

The use of local material sources is always encouraged to minimize 

construction costs. However, some types of road construction have high-quality 

requirements that some natural materials available nearby the construction site 

cannot meet, requiring more extracting or transporting materials from other areas for 

alternative use. The use of supporting machinery equipment to exploit and transport 

materials not only significantly increase the construction cost but also contributes to 

increasing the carbon footprint in traffic construction. This is a worldwide problem 

which is the motivation as well as the challenge that forces scientists and national 

governments around the world to look for alternative construction materials.  

Nowadays, research on sustainable alternative materials for use in construction 

is at the forefront trend that is concerned and encouraged in many countries around 

the world. One of the sustainable alternative materials ideas is using recycled materials 

(Hendriks & Janssen, 2003; Patil & Patil, 2017; Umar, Khamidi, & Tukur, 2014). Industrial 

by-products and construction and demolition (C&D) waste are generally called 

recycled materials, which are recognized as effective alternative materials to 
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complement the use of natural materials and thus increasingly used in many countries 

all over the world. In recent decades, many researchers studied using recycled 

aggregates as pavement construction materials indicated that the replacement of 

recycled aggregates with different contents can be used in pavement applications, 

which demonstrated not only achieving the engineering construction requirements but 

also giving environmental and economic benefits (Arulrajah, Perera, Wong, Horpibulsuk, 

& Maghool, 2020; Chaurand et al., 2007; Disfani, Arulrajah, Bo, & Hankour, 2011; Ebrahim 

Abu El-Maaty Behiry, 2013; Hoy, Horpibulsuk, Rachan, Chinkulkijniwat, & Arulrajah, 2016; 

Imteaz, Arulrajah, & Maghool, 2020; Maghool, Arulrajah, Du, Horpibulsuk, & 

Chinkulkijniwat, 2016). 

Besides researching and applying recycled materials in construction for natural 

materials replacement to reduce the environmental burden, the improving techniques 

of mechanical properties of materials are also widely studied to meet the increasing 

requirement of pavement constructions. The techniques for improving soil properties 

can be classified into three categories: physical, mechanical, and chemical methods. 

Typically, physical and mechanical methods are applied before resorting to the 

chemical method to minimize the input amount of additives required to achieve 

desired mechanical properties. Physical and mechanical stabilization methods involve 

mixing soils with high-quality coarse materials with an appropriate grain size distribution 

to enhance the interlocking between fine and coarse particles. Chemical stabilization 

methods use single or combined additives to improve material properties, which are 

commonly used in road applications and have been extensively researched. The use 

of combined additives not only improves the mechanical properties but also alleviates 

the shortcoming of material blends, which were indicated in many recent studies 

(Arulrajah, Mohammadinia, Phummiphan, Horpibulsuk, & Samingthong, 2016; Baghini, 

Ismail, Naseralavi, & Firoozi, 2016; Diab, Elyamany, & Ali, 2013; Hoy, Horpibulsuk, & 

Arulrajah, 2016; Komnitsas, Zaharaki, Vlachou, Bartzas, & Galetakis, 2015; Sukmak et al., 

2020; Vásquez, Cárdenas, Robayo, & de Gutiérrez, 2016; Vo & Plank, 2018; Yaowarat et 

al., 2020). 
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To demonstrate the effectiveness of using recycled materials as well as 

additives in pavement applications and contribute research results to the construction 

guideline system which is still not completed due to laboratory investigation 

limitations, the improved blends of natural and recycled materials using additives are 

being extensively researched. Their performance is investigated via laboratory 

evaluation to ensure meeting the specification requirements.  

 

1.2 Problem statement 
In recent decades, climate change has been a topic of great interest for many 

researchers due to the undeniable evidence linking it to greenhouse gas emissions, 

particularly CO2 (DCLG, 2006). In construction, several arguments suggest that the built 

environment significantly contributes to global climate change concerning CO2 

emissions, water consumption, landfill waste, and used raw materials (BERR, 2008). In 

addition, construction and industrial waste are becoming an environmental burden in 

many industrial cities of developed and developing countries around the world. A large 

amount of waste material such as steel slag (SS) and recycled concrete aggregate (RCA) 

is being created from human activities such as industry, commercial, and construction 

& demolition each year. SS is the by-product of the steel-making industry, which is 

becoming increase due to the growth of steel manufacturing. It is projected that the 

steel industry in Thailand annually supplies 1.5 million tons of steel slag as a by-

product of steel manufacture (Sudla et al., 2018). RCA is the aged product of concrete 

aggregates, bricks, glass, gypsums, and ceramics, which are demolished from old 

concrete pavements and buildings reaching their own service life. In Thailand, the 

construction industry produces around 1.1 million tonnes of waste, with over 50% of 

this waste being concrete (Manowong & Brockmann, 2015). These materials were 

previously considered worthless and disposed of as waste which is an environmental 

burden, while the rapidly increasing quality and quantity demand of road construction 

has led to the overexploitation of natural construction material, resulting in the scarcity 

of natural material sources. With awareness and the environmental problem of waste 
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materials, many governments and researchers around the world attempt to divert 

these wastes from landfills into sustainable construction materials. Their effort has 

been proven by a vast of studies conducted with the expectation of effective 

application of waste materials in pavement construction (Arulrajah et al., 2016; 

Arulrajah et al., 2020; Disfani et al., 2011; Imteaz, Ali, & Arulrajah, 2012; Mohammadinia, 

Arulrajah, Horpibulsuk, & Chinkulkijniwat, 2017; Phummiphan et al., 2018); (Barišić, 

Dimter, & Rukavina, 2015; Ebrahim Abu El-Maaty Behiry, 2013; Hoy, Horpibulsuk, & 

Arulrajah, 2016; Maslehuddin, Sharif, Shameem, Ibrahim, & Barry, 2003; Qasrawi, 

Shalabi, & Asi, 2009). 

Waste materials can fully and/or partially substitute for natural materials not 

only offering positive environmental effects but also reducing the natural materials 

shortage and improving the properties of pavement structures. In order to be used for 

pavement purposes, the materials must satisfy the specific requirements of 

international and local construction authorities (Sherwood, 2001) while most of 

recycled materials classify and properties do not meet the specification requirements. 

Hence, different improvement techniques are considerably employed to improve 

properties of materials. Portland cement possesses the ability to rapidly enhance 

mechanical properties of the material and the ease of application in the field 

(Horpibulsuk et al. 2006; Horpibulsuk et al. 2010), it is thus the common chemical 

method used in the improvement of materials. Sobhan and Das (2007) indicated that 

the hydration products in cement-stabilized samples improved the interparticle 

bonding and hence enhanced the strength of cement-stabilized materials. Arora and 

Aydilek (2005) and (Buritatun et al., 2022a; 2020) also reported that increasing the 

cement content resulted in higher values of UCS and resilient modulus. Stabilized 

pavement bases act as a stiff layer that distributes the traffic loads over a larger area, 

reducing the stress on the subgrade and preventing the formation of ruts and other 

forms of pavement distress. This preserves the original grade for many years and 

extends the service life of pavement without expensive resurfacing or repairs 

(Christopher, Schwartz, & Boudreau, 2006). Longer fatigue life for the asphalt surface is 
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achieved by the higher stiffness of cement stabilized bases, which results in reduced 

pavement deflections and lower asphalt stresses. The fatigue cracking is a significant 

cause of pavement failure, which is decreased by the application of cement 

stabilization. Though cement stabilization provides many advantages in improvement 

of materials for pavement applications, it also exhibites several shortcoming such as 

brittle behavior under compressive, tensile, and flexural stresses caused by traffic loads 

and internal temperature (Correia, Oliveira, & Custodio, 2015; Jamsawang, Voottipruex, 

& Horpibulsuk, 2015; Khattak & Alrashidi, 2006; Mengue, Mroueh, Lancelot, & Eko, 2017; 

Wahab et al., 2021; Yaowarat et al., 2021). Hence, Synthetic polymer additives have 

been used as the second additive to alleviate the limitations of cement stabilization. 

It is proved that the polymer additive can improve the ductivity of cement stabilization 

by enhancing the interparticle bonding strength within stabilizied structure (Newman, 

Tingle, Gill, & McCaffrey, 2005; Santoni, Tingle, & Webster, 2002; Tingle, Newman, 

Larson, Weiss, & Rushing, 2007; Tingle & Santoni, 2003).  

Natural rubber latex (NRL) is a milky sap that is extracted from the Hevea 

brasiliensis tree and it is a biopolymer composed primarily of polyisoprene, a natural 

polymer that gives it its unique elastic and tensile properties. Its properties are 

particularly useful in applications where a high degree of flexibility, strength, and 

durability are required. Consequently, it has the potential to serve as an eco-friendly 

alternative additive in pavement applications. Its potential has been proved in 

improving the viscosity and elastic properties of asphalt (Wen, Wang, Zhao, & Sumalee, 

2017), and the performance of cement-stabilized materials (Buritatun et al., 2022b; 

2021; Buritatun et al., 2020; Dv, Hoy, Karntatam, Arulrajah, & Horpibulsuk, 2022) by 

forming the rubber films and filling the pore space within the stabilized matrix, leading 

to a stronger stabilized structure. However, the performances of materials are 

improved by the appropriate amount of NRL (optimum NRL content). Beyond this 

optimum, the strength of materials tends to decrease because the excess NRL creates 

a thicker film covering the aggregate-cement matrix and retarded the hydration 

process. The optimum NRL contents are different for diverse material blends and 
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cement contents. For instance, Buritatun et al. (2020) report that the highest 

unconfined compressive and flexural strengths of cement-NRL stabilized soil were 

obtained when 20%, 15%, and 10% NRL additive replacement of cement by weight 

for the samples with 3%, 5%, and 7% cement contents, respectively. For the cement-

stabilized recycled concrete aggregate, Dv et al. (2022) found that the highest 

unconfined compressive strength and tensile strength values of cement-NRL stabilized 

recycled concrete aggregate were achieved when using optimum r/c ratios of 10%, 5%, 

and 5% for samples containing 3%, 5%, and 7% cement, respectively. Therefore, the 

NRL application in pavement construction should be researched for different materials. 

Thailand is a major producer of NRL on a global scale. Besides exporting, the 

Thailand government promotes research and development in using NRL for civil 

construction purposes, particularly for pavements as the rapidly expanding road 

network. NRL is an eco-friendly additive innovation that can enhance the effectiveness 

of cement-stabilized materials and is therefore an option for sustainable construction. 

To the best author's knowledge, there has been no previous study on the use of NRL 

as a polymer to enhance the performance of cement-stabilized lateritic soil with 

recycled aggregate replacement as pavement materials. Therefore, the objective of 

this research is to explore the potential of NRL in improving the performance of 

cement-stabilized lateritic soil and recycled materials. The findings of this study will 

encourage the use of NRL as an eco-friendly alternative additive in cement-stabilized 

materials not only in Thailand but also in other countries. 

 

1.3 Significance of study 
This research will offer new insights into the improved performance of cement-

stabilized lateritic soil for pavement base purposes. This is achieved through using 

recycled materials substitution and natural rubber latex. 

By comparing mechanical properties of the samples at various content of 

recycled aggregate replacements and different dry rubber-to-cement ratios, the current 

understanding of the potential of using recycled aggregates to improve unfavorable 
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characteristics of lateritic soil, such as excessive plasticity, substandard gradation, and 

low tensile strength, will be expanded to meet the requirements for high-volume roads 

specified by local or international road authorities. The research will also aim at 

improving the shortcoming of cement-stabilized materials such as brittle behavior as 

well as the durability of cement stabilization by using natural rubber latex. 

Specifically, this research will investigate the variation in terms of strengths, 

durability against wetting-drying cycles, and fatigue failure of cement stabilized 

materials under several influent factors such as steel slag:lateritic soil (SS:LS) ratios, 

recycled concrete aggregate:lateritic soil (RCA:LS) ratios, dry rubber:cement (r/c) ratios.  

The application of recycled materials in pavement application also contributes 

to solving the environmental burden due to the increasing recycled materials such as 

steel slag and RCA in the current situation of the growth of steel manufacture and 

construction demolition while natural materials are increasingly becoming scarce. 

With similar elastic and tensile properties to synthetic polymer additives, NRL 

is recognized as a "green" additive to improve microstructure and mechanical 

properties of cement stabilized materials alternate to Synthetic polymer additives. 

 

1.4 Research objectives and scope 
The large increasing amount of annually created recycled materials such as SS 

and RCA cause an environmental burden while the potential of using these materials 

can meet the urgent demand for construction materials, SS and RCA are researched as 

an alternative aggregate in a mixture with lateritic soil which improved by using 

combined additives including cement and natural rubber latex as pavement base 

materials. A laboratory investigation has to be conducted to evaluate the effect of the 

NRL and the replacement of SS and RCA with LS on the performance of cement-

stabilized soil. 

This study is limited to the effectiveness of utilizing cement-NRL stabilized 

recycled aggregates and lateritic soil as sustainable pavement base materials for road 

construction. The research focuses on geotechnical laboratory experimental programs 
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aimed at clarifying the practical usage of NRL in the improvement of cement-stabilized 

recycled materials and lateritic soil with different recycled aggregates (SS/RCA) 

replacement ratios and various r/c ratios.  

The three main objectives of this research are to address as the following 

outline: 

- To investigate the potential of using recycled materials and NRL on the 

mechanical properties and microstructure improvements of cement-stabilized lateritic 

soil for pavement applications. 

- To assess the resilient modulus and fatigue life of cement-NRL stabilized 

recycled aggregates-lateritic soil as the structural distress considered in the thickness 

design process for the stabilized base layer. 

- To evaluate the influence of wetting-drying cycles on the compression 

strength and microstructure of cement-NRL Steel slag/Recycled concrete aggregate-

lateritic soil at different replacement ratios of SS/RCA. 

 

1.5 Organization of thesis 
This thesis is composed of six chapters, the summaries of each chapter are 

outlined as follows: 

Chapter I is the introduction part that includes the background, the problem 

statement, the significance of study, the objectives and scope, and the thesis 

organization. 

Chapter II presents the literature review of recent research papers involves 

with the engineering properties and applications of natural rubber latex and recycled 

materials including steel slag and recycled concrete aggregate in pavement 

construction. Stabilized materials and related pavement performance were also 

included in this chapter. 

Chapter III presents the study of the improved mechanical and microstructure 

of cement-stabilized lateritic soil using recycled materials replacement and natural 

rubber latex for pavement applications. The basic engineering properties of LS, SS, RCA 
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materials, and cement and NRL additives are presented. Besides, the study focussed 

on the mechanical strengths development and microstructure change of cement-

stabilized lateritic soil under various influent factors including steel slag-to-lateritic soil 

(SS:LS) ratios, recycled concrete aggregate-to-lateritic soil (RCA:LS) ratios, and dry 

rubber-to-cement (r/c) ratios. 

Chapter IV presents the study of fatigue properties of cement-NRL stabilized 

recycled materials and lateritic soil blends at various r/c ratios under cyclic loading 

conditions. This chapter aims to assess the role of NRL additive in improving the 

resilient modulus, fatigue life, and permanent deformation resistance of cement 

stabilized SS:LS and RCA:LS blends at different SS/RCA replacement ratios and stress 

levels. The mechanistic and fatigue models of cement-NRL stabilized recycled 

materials and lateritic soil blends were also proposed in this chapter, which is 

important in the mechanistic-empirical (M-E) pavement design approach and useful in 

use as the essential parameter for numerical modeling in M-E models. 

Chapter V shows an investigation of wetting-drying (w-d) cycles test on the 28-

day cement-NRL stabilized SS:LS and RCA:LS samples to assess the potential of NRL 

additive on w-d resistance of cement stabilized SS:LS and RCA:LS blends under the 

influence of recycled materials (SS/RCA) to lateritic soil ratios, r/c ratios, and w-d cycles. 

The UCSw-d, weight loss, water absorption, and microstructural change were considered 

as the results of the w-d cycles test and presented in this chapter. 

Chapter VI concludes the research work and provides suggestions as well as 

recommendations for further study. 

 

1.6 References 
Arora, S., & Aydilek, A. H. (2005). Class F Fly-Ash-Amended Soils as Highway Base 

Materials. Journal of Materials in Civil Engineering, 17, 640-649. 
doi:10.1061/(ASCE)0899-1561(2005)17:6(640) 

Arulrajah, A., Mohammadinia, A., Phummiphan, I., Horpibulsuk, S., & Samingthong, W. 
(2016). Stabilization of Recycled Demolition Aggregates by Geopolymers 



10 
 

comprising Calcium Carbide Residue, Fly Ash and Slag precursors. Construction 
and Building Materials, 114, 864-873. doi:10.1016/j.conbuildmat.2016.03.150 

Arulrajah, A., Perera, S., Wong, Y. C., Horpibulsuk, S., & Maghool, F. (2020). Stiffness and 
flexural strength evaluation of cement stabilized PET blends with demolition 
wastes. Construction and Building Materials, 239. Doi: 10.1016/j.conbuildmat. 
2019.117819 

Baghini, M. S., Ismail, A., Naseralavi, S. S., & Firoozi, A. A. (2016). Performance evaluation 
of road base stabilized with styrene–butadiene copolymer latex and Portland 
cement. Pavement research and technology, 9, 321-336. Doi: 10.1016/j.ijprt. 
2016.08.006 

Barišić, I., Dimter, S., & Rukavina, T. (2015). Elastic properties of cement-stabilised mixes 
with steel slag. International Journal of Pavement Engineering, 17(9), 753-762. 
doi:10.1080/10298436.2015.1019496 

BERR. (2008). Strategy for sustainable construction. London: Department for Business, 
Enterprise and Regulatory Reform, HM Government.  

Buritatun, A., Aiamsri, K., Yaowarat, T., Suddeepong, A., Horpibulsuk, S., Arulrajah, A., & 
Kou, H. (2022b). Improved Fatigue Performance and Cost-Effectiveness of 
Natural Rubber Latex–Modified Cement-Stabilized Pavement Base at Raised 
Temperatures. Journal of Materials in Civil Engineering, 35(3). Doi: 10.1061/ 
(ASCE)MT.1943-5533.0004637 

Buritatun, A., Horpibulsuk, S., Udomchai, A., Suddeepong, A., Takaikaew, T., 
Vichitcholchai, N., . . . Arulrajah, A. (2021). Durability improvement of cement 
stabilized pavement base using natural rubber latex. Transportation 
Geotechnics, 28. Doi: 10.1016/j.trgeo.2021.100518 

Buritatun, A., Suddeepong, A., Horpibulsuk, S., Udomchai, A., Arulrajah, A., 
Mohammadinia, A., . . . Hoy, M. (2022a). Improvement of Tensile Properties of 
Cement-Stabilized Soil Using Natural Rubber Latex. Journal of Materials in Civil 
Engineering, 34(4). Doi: 10.1061/(ASCE)MT.1943-5533.0004173 

Buritatun, A., Takaikaew, T., Horpibulsuk, S., Udomchai, A., Hoy, M., Vichitcholchai, N., 
& Arulrajah, A. (2020). Mechanical Strength Improvement of Cement-Stabilized 



11 
 

Soil Using Natural Rubber Latex for Pavement Base Applications. Materials in 
Civil Engineering, 32(12). Doi: 10.1061/(ASCE)MT.1943-5533.0003471 

Chaurand, P., Rose, J., Briois, V., Olivi, L., Hazemann, J. L., Proux, O., . . . Bottero, J. Y. 
(2007). Environmental impacts of steel slag reused in road construction: a 
crystallographic and molecular (XANES) approach. J Hazard Mater, 139(3), 537-
542. Doi: 10.1016/j.jhazmat.2006.02.060 

Christopher, B., Schwartz, C., & Boudreau, R. (2006). Geotechnical Aspects of Pavements 
Reference Manual. Federal Highway Administration, Woodbury.  

Correia, A. A. S., Oliveira, P. J. V., & Custodio, D. G. (2015). Effect of polypropylene fibres 
on the compressive and tensile strength of a soft soil, artificially stabilised with 
binders. Geotextiles and Geomembranes, 43(2), 97-106. Doi: 10.1016/j. 
geotexmem.2014.11.008 

DCLG. (2006). Builidng A greener future: Towards Zero Carbon Development. 
Department for Communities and Local Government.  

Diab, A. M., Elyamany, H. E., & Ali, A. H. (2013). Experimental investigation of the effect 
of latex solid/water ratio on latex modified co-matrix mechanical properties. 
Alexandria Engineering Journal, 52(1), 83-98. Doi: 10.1016/j.aej.2012.11.002 

Disfani, M. M., Arulrajah, A., Bo, M. W., & Hankour, R. (2011). Recycled crushed glass in 
road work applications. Waste Manag, 31(11), 2341-2351. Doi: 10.1016/j. 
wasman.2011.07.003 

Dv, N., Hoy, M., Karntatam, K., Arulrajah, A., & Horpibulsuk, J. (2022). Cement – natural 
rubber latex stabilised recycled concrete aggregate as a pavement base 
material. Road Materials and Pavement Design, 1-15. Doi: 10.1080/14680629. 
2022.2072755 

Ebrahim Abu El-Maaty Behiry, A. (2013). Utilization of cement treated recycled concrete 
aggregates as base or subbase layer in Egypt. Ain Shams Engineering, 4(4), 12. 
Doi: 10.1016/j.asej.2013.02.005 

Hendriks, C. F., & Janssen, G. M. T. (2003). Use Of Recycled Materials In Constructions. 
Materials and Structures, 36, 604-608.  

Hoy, M., Horpibulsuk, S., & Arulrajah, A. (2016). Strength development of Recycled 
Asphalt Pavement – Fly ash geopolymer as a road construction material. 



12 
 

Construction and Building Materials, 117, 209-219. Doi: 10.1016/j.conbuildmat. 
2016.04.136 

Hoy, M., Horpibulsuk, S., Rachan, R., Chinkulkijniwat, A., & Arulrajah, A. (2016). Recycled 
asphalt pavement – fly ash geopolymers as a sustainable pavement base 
material: Strength and toxic leaching investigations. Science of the Total 
Environment, 573, 19-26. Doi: 10.1016/j.scitotenv.2016.08.078 

Imteaz, M. A., Ali, M. M., & Arulrajah, A. (2012). Possible environmental impacts of 
recycled glass used as a pavement base material. Waste Manag Res, 30(9), 917-
921. Doi: 10.1177/0734242X12448512 

Imteaz, M. A., Arulrajah, A., & Maghool, F. (2020). Environmental and geotechnical 
suitability of recycling waste materials from plasterboard manufacturing. Waste 
Manag Res, 38(4), 383-391. Doi: 10.1177/0734242X19881213 

Jamsawang, P., Voottipruex, P., & Horpibulsuk, S. (2015). Flexural Strength 
Characteristics of Compacted Cement-Polypropylene Fiber Sand. Journal of 
Materials in Civil Engineering, 27(9). Doi: 10.1061/(asce)mt.1943-5533.0001205 

Khattak, M. J., & Alrashidi, M. (2006). Durability and mechanistic characteristics of fiber 
reinforced soil-cement mixtures. Pavement Engineering, 7(1), 53-62. Doi: 
10.1080/10298430500489207 

Komnitsas, K., Zaharaki, D., Vlachou, A., Bartzas, G., & Galetakis, M. (2015). Effect of 
synthesis parameters on the quality of construction and demolition wastes 
(CDW) geopolymers. Advanced Powder Technology, 26(2), 368-376. Doi: 
10.1016/j.apt.2014.11.012 

Maghool, F., Arulrajah, A., Du, Y.-J., Horpibulsuk, S., & Chinkulkijniwat, A. (2016). 
Environmental impacts of utilizing waste steel slag aggregates as recycled road 
construction materials. Clean Technologies and Environmental Policy, 19(4), 
949-958. Doi: 10.1007/s10098-016-1289-6 

Manowong, E., & Brockmann, C. (2015). Construction Waste Management in Newly 
Industrialized Countries. http://www.irbnet.de/daten/iconda/CIB_DC24555.pdf.  

Maslehuddin, M., Sharif, A. M., Shameem, M., Ibrahim, M., & Barry, M. S. (2003). 
Comparison of properties of steel slag and crushed limestone aggregate 
concretes. Construction and Building Materials, 17, 105-112.  

https://www.irbnet.de/daten/iconda/CIB_DC24555.pdf


13 
 

Mengue, E., Mroueh, H., Lancelot, L., & Eko, R. M. (2017). Mechanical Improvement of 
a Fine-Grained Lateritic Soil Treated with Cement for Use in Road Construction. 
Journal of Materials in Civil Engineering, 29(11). Doi: 10.1061/(asce)mt.1943-
5533.0002059 

Mohammadinia, A., Arulrajah, A., Horpibulsuk, S., & Chinkulkijniwat, A. (2017). Effect of 
fly ash on properties of crushed brick and reclaimed asphalt in pavement 
base/subbase applications. J Hazard Mater, 321, 547-556. Doi: 10.1016/j. 
jhazmat.2016.09.039 

Newman, J. K., Tingle, J. S., Gill, C., & McCaffrey, T. J. (2005). Stabilization of Silty Sand 
Using Polymer Emulsions. International Journal of Pavements, 4.  

Patil, K. M., & Patil, M. S. (2017). Sustainable construction materials and Technology in 
context with sustainable developemnt. International Journal of Engineering 
Research and Technology, 10(1), 112-117.  

Phummiphan, I., Horpibulsuk, S., Rachan, R., Arulrajah, A., Shen, S. L., & Chindaprasirt, 
P. (2018). High calcium fly ash geopolymer stabilized lateritic soil and 
granulated blast furnace slag blends as a pavement base material. J Hazard 
Mater, 341, 257-267. Doi: 10.1016/j.jhazmat.2017.07.067 

Qasrawi, H., Shalabi, F., & Asi, I. (2009). Use of low CaO unprocessed steel slag in 
concrete as fine aggregate. Construction and Building Materials, 23(2), 1118-
1125. Doi: 10.1016/j.conbuildmat.2008.06.003 

Santoni, R. L., Tingle, J. S., & Webster, S. L. (2002). Stabilization of Silty Sand with 
Nontraditional Additives. Transportation Research Record, 1787(1), 61-70. Doi: 
10.3141/1787-07 

Sherwood, P. T. (2001). Alternative Materials in Road Construction : A Guide to the Use 
of Recycled and Secondary Aggregates. Second edition. London: Thomas 
Telford.  

Sobhan, K., & Das, B. M. (2007). Durabillity of soil cements against fatigue frature. 
Journal of Materials in Civil Engineering, 19(1), 26-32. Doi: 10.1061/(ASCE)0899-
1561(2007)19:1(26) 



14 
 

Sudla, P., Horpibulsuk, S., Chinkulkijniwat, A., Arulrajah, A., Liu, M. D., & Hoy, M. (2018). 
Marginal lateritic soil/crushed slag blends as an engineering fill material. Soils 
and Foundations, 58. Doi: 10.1016/j.sandf.2018.03.007 

Sukmak, G., Sukmak, P., Horpibulsuk, S., Yaowarat, T., Kunchariyakun, K., 
Patarapaiboolchai, O., & Arulrajah, A. (2020). Physical and mechanical properties 
of natural rubber modified cement paste. Construction and Building Materials, 
244. Doi: 10.1016/j.conbuildmat.2020.118319 

Tingle, J. S., Newman, J. K., Larson, S. L., Weiss, C. A., & Rushing, J. F. (2007). Stabilization 
Mechanisms of Nontraditional Additives. Transportation Research Record, 
1989-2(1), 59-67. Doi: 10.3141/1989-49 

Tingle, J. S., & Santoni, R. L. (2003). Stabilization of Clay Soils with Nontraditional 
Additives. Transportation research board, 1819(1). Doi: 10.3141/1819b-10 

Umar, U. A., Khamidi, M. F., & Tukur, H. (2014). Sustainable building material for green 
building construction, conservation and refurbishing Management in 
Construction Research Association (MiCRA), Postgraduate Conference.  

Vásquez, A., Cárdenas, V., Robayo, R. A., & de Gutiérrez, R. M. (2016). Geopolymer based 
on concrete demolition waste. Advanced Powder Technology, 27(4), 1173-
1179. Doi: 10.1016/j.apt.2016.03.029 

Vo, M. L., & Plank, J. (2018). Evaluation of natural rubber latex as film forming additive 
in cementitious mortar. Construction and Building Materials, 169, 93-99. Doi: 
10.1016/j.conbuildmat.2017.12.098 

Wahab, N. A., Roshan, M. J., Rashid, A. S. A., Hezmi, M. A., Jusoh, S. N., Nik Norsyahariati, 
N. D., & Tamassoki, S. (2021). Strength and Durability of Cement-Treated 
Lateritic Soil. Sustainability, 13(11). Doi: 10.3390/su13116430 

Wen, Y., Wang, Y., Zhao, K., & Sumalee, A. (2017). The use of natural rubber latex as a 
renewable and sustainable modifier of asphalt binder. International Journal of 
Pavement Engineering, 18(6), 547-559. Doi: 10.1080/10298436.2015.1095913 

Yaowarat, T., Horpibulsuk, S., Arulrajah, A., Maghool, F., Mirzababaei, M., Rashid, A. S. 
A., & Chinkulkijniwat, A. (2020). Cement stabilization of recycled concrete 
aggregate modified with polyvinyl alcohol. International Journal of Pavement 
Engineering. Doi: 10.1080/10298436.2020.1746311 



15 
 

Yaowarat, T., Suddeepong, A., Hoy, M., Horpibulsuk, S., Takaikaew, T., Vichitcholchai, 
N., . . . Chinkulkijniwat, A. (2021). Improvement of flexural strength of concrete 
pavements using natural rubber latex. Construction and Building Materials, 282. 
Doi: 10.1016/j.conbuildmat.2021.122704 

 



 
CHAPTER II 

 LITERATURE REVIEW  
 

2.1 Introduction 
The constitutions of pavement layers are typically constructed from high-

quality materials, which are carefully selected to satisfy engineering requirements, 
following the standards for construction. High-quality materials might be natural 
aggregates including crushed rock and granular aggregate materials. In recent decades, 
the scarcity of natural construction materials is becoming an extreme problem. Hence, 
recycled materials including construction and demolition (C&D) waste and industrial 
by-products are being extensively investigated as potential substitute materials for use 
in construction, specifically for pavement applications. In addition, the mechanical 
properties and serviceability of materials have been studied using additives to lengthen 
the service life of pavements. Therefore, this chapter focuses on the literature related 
to the utilization of recycled construction materials such as Steel slag (SS) and recycled 
concrete aggregate (RCA), along with the use of natural rubber latex (NRL) additive in 
pavement applications, to improve their lifespan. 

 
2.2 Recycled materials and applications 

Sustainable materials are becoming top-researching in the construction 
industry. Recycling materials have been widely researched and utilized as a sustainable 
option for pavement applications to conserve natural resources and decrease the 
environmental burden. The objective of sustainable development is to diminish the 
negative impact of the construction industry on the environment, and the use of 
recycled aggregates has been demonstrated to address some of the drawbacks of 
natural materials. Due to growing concerns about the financial and environmental 
consequences of disposing of construction and industrial waste, the substitution of 
natural aggregates with RCA and SS has been attracting appreciable attention in the 



17 
 

  

construction field. The interest in RCA and SS has been steadily rising as they are 
produced in the hundreds of millions of tonnes annually worldwide. 

2.2.1 Steel slag 
Steel slag (SS) is a by-product of the steel manufacturing industry that 

results from either converting iron to steel in a basic oxygen furnace (BOF) or melting 
scrap to produce steel in an electric arc furnace (EAF). To create SS, liquid impurities 
such as carbon monoxide, silicon, manganese, phosphorous, and iron are combined 
with lime and dolomite lime and separated by injecting oxygen with high pressure. 
Cold steel scrap is melted through a high electric current passing through graphite 
electrodes to form an arc. Other metals and alloys may be added to balance the 
chemical composition, and then oxygen is blown to purify the steel (Shi, 2004). The 
treatment process of SS involves four steps: separating and cooling the steel with air 
or water, crushing and grading the slag repeatedly until it meets the required aggregate 
gradation. 

 

 
 

Figure 2.1. Illustrative schemas for BOF and EAF slags (Shi, 2004) 

 
Large quantities of SS are manufactured in the steel industry, and it has 

been noted that SS can be used as a substitute for natural aggregates (NA), which are 
limited in the availability of high-performance aggregates. SS has distinct chemical and 
mineral composition properties that set it apart from NA and other recycled waste 
materials. 
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Table 2.1. Chemical compositions of Steel slag. 
Reference SS CaO SiO2 Al2O3 FeO/Fe2O3 MgO MnO TiO2 SO3 P2O5 Free CaO 

(Shen, Wu, & Du, 2009) BOF 39.3 7.75 0.98 …/38.06 8.56 4.24 0.94 0.02 … … 
(Shi, 2004) EAF 35-60 9-20 2-9 15-13/… 5-15 0-8 … 0.08-0.23 0.01-0.25 … 
(Mahieux, Aubert, & Escadeillas, 2009) BOF 47.5 11.8 2.0 …/22.6 6.3 1.9 0.5 … 2.7 … 
(Chaurand et al., 2007) BOF 41.3 12.5 2.4 …/31.2 4.3 6.1 0.8 … 1.1 … 
(Motz & Geiseler, 2001) EAF 25-40 10-17 4-7 …/… 4-15 <6 … … <1.5 <3 
(Nicolae, Vilciu, & Zaman, 2007) EAF 40.78 17.81 4.23 9.25/3.97 8.53 9.79 … 0.3 0.74 … 
(Nicolae et al., 2007) BOF 40.1 17.8 2.04 12.92/6.58 6.32 6.52 … 0.46 1.13 3.9 
(Tossavainen et al., 2007) EAF 45.5 32.2 3.7 3.3/1 5.2 2 … … … … 
(Lekakh, Rawlins, Robertson, Richards, & 
Peaslee, 2008) 

EAF 32.1 19.4 8.6 …/… 9.4 6.8 0.4 0.6 … … 

(Poh, Ghataora, & Ghazireh, 2006) BOF 41.44 15.26 4.35 13.95/9.24 8.06 5.2 0.72 … 1.15 3.9 
(Tsakiridis, Papadimitriou, Tsivilis, & Koroneos, 
2008) 

EAF 35.7 17.53 6.25 …/26.36 6.45 2.5 0.76 … … … 

(Xue, Wu, Hou, & Zha, 2006) EAF 29.49 16.11 7.56 …/32.56 4.96 4.53 0.78 0.63 0.55 … 
(Tossavainen et al., 2007) BOF 45 11.1 1.9 10.7/10.9 9.6 3.1 … … … … 
(Manso, Polanco, Losañez, & González, 2006) EAF 23.9 15.3 7.4 …/… 5.1 4.5 … 0.1 … 0.45 
(Reddy, Pradhan, & Chandra, 2006) EAF 52.3 15.3 1.3 …/… 1.1 0.39 … … 3.1 10.0 
(Luxán, Sotolongo, Dorrego, & Herrero, 2000) EAF 24.4 15.35 12.21 34.36/… 2.91 5.57 0.56 … 1.19 … 
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a. Chemical and mineral composition 
Generally, the main chemical compositions of SS consist of CaO, MgO, 

SiO2, and FeO, which are recognized in the high content of about 88-90% (Table 2.1).  
BOF and EAF slags share common features that are characterized 

by dicalcium silicate, dicalcium ferrite, and wustite. Dicalcium silicate has a stabilizing 
effect on SS disintegration. Studies have indicated that the presence of dissolved lime 
and MgO does not have an impact on SS volume. Nevertheless, an excessive amount 
of "spongy free lime" and MgO could result in volume instability (Ge&eler, 1996). 

 
Table 2.2. Typical mineralogical compositions of steel slag. 

References SS Mineralogical composition 
(Barra, Ramonich, & Munoz, 2001; 

Xue et al., 2006) 
EAF CaCO3, FeO, MgO, Fe2O3, Ca2Al (AlSiO7), Ca2SiO4 

(Luxán et al., 2000) EAF 
Ca2SiO5, Ca2Al (AlSiO7), Fe2O3, Ca14Mg2(SiO4)8, 

MgFe2O4, Mn3O4, MnO2 
(Nicolae et al., 2007) BOF 2CaO.Al2O3.SiO2, Fe2O3, CaO, FeO 
(Nicolae et al., 2007) EAF MnO2, MnO, Fe2SiO4, Fe7SiO10 
(Reddy et al., 2006) BOF 2CaO.Fe2O32CaO.P2O5, 2CaO.SiO2, CaO 

(Tossavainen et al., 2007) BOF β-Ca2SiO4, FeO-MnO-MgO solid solution MO 

(Tossavainen et al., 2007) EAF 
Ca3MgSiO42, β-Ca2SiO4 spinal sollid solution 
(Mg,Mn)(Cr,Al)2O4 wsuite-type solid solution 

((Fe,Mg,Mn)O), Ca2(Al,Fe)2O5 

(Tsakiridis et al., 2008) EAF 
Ca2SiO4,4CaO.Al2O3.FeO3, Ca2Al(AlSiO7), Ca3SiO5, 

2CaO.Al2O3SiO2, FeO, Fe3O4, MgO, SiO2 
 

b. Physical and mechanical properties 
The characteristics of SS regarding its physical and mechanical 

attributes are widely recognized that meet the requirements for top-quality material. 
Indeed, SS exhibits exceptional strength, impermeability, stability, abrasion resistance, 
cracking and fractures, and permanent deformation in comparison to natural materials 
(Aiban, 2006; Alizadeh et al., 2003; Pasetto & Baldo, 2011; Sofilic, Mladenovič, & Sofilič, 
2011). SS is a heavy-weight material because of sufficient amounts of iron oxide included, 
the heavy-weight is presented by the great specific gravity lying within the range of 3-4. 
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SS is heavier than minerals such as limestone and granite about 20%. The particle size 
range of SS is from large to dust, which is dependent on the generation process in the 
steel mill. Grain size distribution is a crucial factor affecting the mechanical properties of 
the material. SS should be crushed and sieved until meeting the specific requirements 
of the applied field before use. 

c. Compaction characteristics 
Several studies have been performed on the compaction behavior 

of SS and SS-aggregates mixes. Most studies displayed similar results that were higher 
MDD values and lower OWC values compared with NA because of its higher specific 
gravity and lower water absorption (Andreas, Herrmann, Lidstrom-Larsson, & Lagerkvist, 
2005; Rohde, Peres Núñez, & Augusto Pereira Ceratti, 2003; Sudla et al., 2019; Sudla et 
al., 2018). Sudla et al. (2018) indicated that SS with high abrasion resistance can 
improve particle breakage under compaction energy, resulting in lower fine content, 
higher soaked CBR, and lower swelling.  

d. Thermal properties 
Noureldin and McDaniel (1990) indicated that SS possesses heat 

retention property superior to NA, giving it the potential to preserve heat for extended 
periods, which is advantageous in producing hot mix asphalt concrete for coating 
aggregates, particularly when repairing pavement surfaces in cold weather. 

e. Steel slag in construction application 
The areas of reused SS may differ depending on the particular 

conditions of each area and plant. In construction, SS has been used as the raw 
material in cement manufacture, aggregate in bases/subbases materials, embankment, 
filling, and hot asphalt mixtures, which are common applications in recent times. The 
application of fine and/or coarse SS aggregates can enhance the performance of the 
structure. 

The presence of C3S, C2S, and C4AF indicates that SS has cement-
like (or cementitious) properties. It is accepted that the cement-like properties of SS 
increase with its basicity. Therefore, finely-ground SS can be utilized as cement 
additives and concrete admixtures (Altun & Yılmaz, 2002; Guo & Shi, 2013; Huang & Lin, 
2010; Tsakiridis et al., 2008). Altun and Yılmaz (2002) showed the addition of 30% SS 



21 
 

 
 

fine powder into cement that qualified the Turkish standard requirements for Portland 
cement. Tsakiridis et al. (2008) studied the possibility of SS addition as the raw meal 
for Portland cement clinker production. Compared to ordinary raw materials, the use 
of SS did not significantly impact the mineralogical characteristics of the Portland 
cement clinker. In other words, SS did not affect the quality of the produced cement. 
It is thus concluded that SS can be utilized as a raw material in the cement 
manufacturing industry. Huang and Lin (2010) reported the outcome of creating 
cementitious materials through the use of phosphogypsum, steel slag, granulated 
blast-furnace slag, and limestone. The mixture containing 45% phosphogypsum, 10% 
steel slag, 35% granulated blast-furnace slag, and 10% limestone showed a 
compressive strength exceeding 40 MPa at 28 days. The primary products of hydration 
observed were ettringite and C-S-H gel. 

SS was also proven as an aggregate in high-strength and refractory 
concrete (Brand & Roesler, 2015; Ivana, Sanja, & Tatjana 2014; Maslehuddin, Sharif, 
Shameem, Ibrahim, & Barry, 2003; Netinger, Kesegic, & Guljas, 2011; Papayianni & 
Anastasiou, 2010; Qasrawi, 2014; Qasrawi, Shalabi, & Asi, 2009; Sharba, 2019; Tsakiridis 
et al., 2008; Wang, Yan, Yang, & Zhang, 2013). Qasrawi et al. (2009) reported that the 
concrete with fine SS aggregate showed the higher UCS from 1.1 to 1.3 times of 
traditional concrete. Netinger et al. (2011) indicated that the fire resistance of SS 
concrete and the river aggregate mix was similar up to 400oC, and fire resistance was 
significantly improved at high-temperature ranges. Ivana et al. (2014) demonstrated 
that when cement was present in low amounts, the strength of SS-gravel concrete 
mixes rose as the amount of SS content increased. Maslehuddin et al. (2003) 
conducted a study to compare the properties of SS and crushed limestone aggregate 
concretes. From the results, the authors reported that SS aggregates have the higher 
bulk specific gravity compared to crushed limestone aggregates, leading to the higher 
unit weight of SS cement concretes compared to those of crushed limestone cement 
concretes. However, SS cement concretes exhibited a better than crushed limestone 
cement concrete in not only durability characteristics but also some physical 
properties. 
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SS aggregate can be utilized for both surface layers and unbound 
bases/subbases in pavement applications, particularly in asphaltic surface layers 
because of its superior qualities such as high strength, strong binder adhesion, and high 
resistance to friction and abrasion (Motz & Geiseler, 2001). With the excellent stability, 
hardness, and bonding characteristics of SS aggregate, it may be possible to use thinner 
SS asphalt layers in certain circumstances. The angular shape of the SS aggregate 
particles promotes a tighter interlocking between them, resulting in increased 
resistance of SS asphalt to wheel track formations (Qasrawi, 2014). Kehagia (2009) made 
a skidding resistance study of asphalt wearing courses that included SS aggregates. The 
results indicated that SS asphalt concretes outperformed NA asphalt concretes in 
terms of skid resistance after one year. The strong bond formation properties of SS 
with bitumen make it possible to create high peeling resistance asphalts. Additionally, 
the high strength and close interlocking of SS particles enhance the permanent 
deformation resistance of asphalt under high-temperature conditions (Zalnezhad & 
Hesami, 2020). Hasita et al. (2020) examined the possibility of using SS or granite (G) 
instead of natural limestone (L) in asphalt concrete at different aggregate particle sizes 
(Bin 1: <4.75 mm, Bin 2: <12.50 mm, Bin 3: <19.0 mm, and Bin 4: <25.0 mm). The 
findings revealed that Marshall stability properties of the asphalt concrete improved 
when SS was used to replace limestone by up to 50%. Furthermore, the asphalt mixes 
with SS replacements exhibited greater fatigue life and resilient modulus, lower rut 
depth in comparison to the limestone mixes (Figure 2.2, 2.3). Consequently, the SS 
mixes were deemed to have a longer service life with the same thickness. 

A comprehensive study was performed by Aiban in order to 
determine the characteristics of SS and its potential in road bases applications in 
Eastern Saudi Arabia (Aiban, 2006). The results indicated that SS with the carefully 
selected gradation provided the CBR values of base courses that were more than twice 
those for base courses using conventional Eastern Saudi calcareous aggregate. SS can 
also be used to improve the strength of locally available materials such as sand and 
marl and minimize the transporting cost of materials. The maximum limit addition of 
marl to SS is 60% which is dependent on the plasticity and quality of marl. The high 
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CBR values were obtained at the maximum addition of 60% Abu Hadriyah marl, the 
higher the SS content the higher the CBR. 

 

 
Figure 2.2. Fatigue life of mixes with different proportions of aggregates (Hasita et al., 2020). 

 

(a)  (b)  

Figure 2.3. Resilient modulus (a) and permanent deformation (b) of mixes with different 
proportions of aggregates (Hasita et al., 2020). 

 
With the same research aim to reduce the negative environmental 

effect of SS, Aldeeky and Hattamleh (2017) obtained a positive result in studying the 
use of fine SS aggregate to improve the geotechnical properties for high plastic 
subgrade soil. They observed that 20% fine SS aggregate additives reduced plasticity 
index and free swell by 26.3% and 58.3%, respectively (Figure 2.4). Moreover, 20% fine 
SS aggregate additives will increase the UCS, MDD, and CBR values by 100%, 6.9%, and 
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154%, respectively (Figure 2.5). The result demonstrated that utilizing fine SS aggregate 
as an admixture can enhance the geotechnical traits of the soil, indicating a beneficial 
impact. This approach can be utilized not only to improve the geotechnical features 
of subgrade soil but also to address the issue of waste disposal. 

 

 
(a) 

 
(b) 

Figure 2.4. Plasticity index (a) and free swell (b) of high plastic subgrade soil samples 
using additive of fine SS (Aldeeky & Hattamleh, 2017). 

 

 
(a) Unconfined stress and strain for 

samples with different fine SS contents 

 
 
 

(b) CBR values correspond to MDD 
for fine SS additive content. 

Figure 2.5 (a) UCS and (b) CBR of samples with various fine SS additive contents 
(Aldeeky & Hattamleh, 2017). 

 
Sudla et al. (2018) reported that Marginal lateritic soil (LS) was 

improved by SS replacement. SS is a coarse-grained and non-plastic material with high 
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abrasion resistance, which can enhance the marginal LS in both physical and 
mechanical properties. With higher SS replacement contents, SS reduced the fines 
content and therefore increased the soakage CBR and decreased swelling of LS:SS 
blend compared to the blends with lower SS replacement contents or without SS. 
Replacing the original parent material with SS resulted in an enhancement of its 
mechanical properties, satisfying the Department of Highways' prescribed standards for 
an engineering fill material in Thailand. The blend with minimum SS replacement 
content of 10% met the requirements of physical and mechanical properties for 
engineering fill materials. 

 

     
Figure 2.6 Soaked CBR and Swelling of LS:SS blends at different compaction energy 

(Sudla et al., 2018). 

 
Liu, Yu, and Wang (2020) examined the possibility of SS application 

in the pavement base layer and determined the optimum replacement content of 
aggregate. The results of the experiment indicated that using SS in concrete 
reinforcement has benefits in strength and shrinkage performances, making it possible 
to use SS as a substitute for natural aggregate. The optimum replacement content was 
found at 50% of SS providing the maximum strength and stiffness, and the minimum 
mass losses. As the amount of SS increased, the temperature shrinkage performance 
decreased while the freeze resistance and dry shrinkage performance improved. These 
improvements were due to the increase of hydration products, electrostatic 
interaction, and bonding effect with cement when SS was added, leading to a tighter 
structure and lower porosity, which was confirmed by the microstructure analysis. 
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Figure 2.7 SEM images show the amount of hydration product in samples with/without 

SS (Liu et al., 2020). 
 

2.2.2 Recycled concrete aggregate (RCA) 
Similar to steel slag, a large amount of recycled concrete aggregate 

(RCA) is generated during the construction, reconstruction, expansion, or demolition of 
buildings, roads, and bridges. In new structures, RCA may perform differently than 
natural aggregates (NA) because of their differing properties. 

a. Density, Porosity, and Water Absorption 
The density, porosity, and water absorption of RCA are mainly 

affected by the residual adhered mortar on aggregates. The density of RCA is generally 
lower than NA density. According to research conducted by Limbachiya, Leelawat, and 
Dhir (2000), the relative density of RCA in a saturated surface dry state is approximately 
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7-9% lower than that of NA. In a similar study, Sagoe-Crentsil, Brown, and Taylor (2001) 
reported a density difference of 17% between SS and NA, with bulk densities of 2.394 
kg/m3 and 2.890 kg/m3 for RCA and NA, respectively. NA has higher density and lower 
water absorption than RCA because RCA has high porosity and sometimes contains 
much more contaminants (Agrela et al., 2012). The lower density of RCA is caused by 
the adhered mortar that is light-weight compared to NA in the same volume. 

Porosity and water absorption are typical RCA characteristics. The 
high porosity allows RCA to hold more water than NA, leading to higher water 
absorption. When exposed to fully saturated surface conditions, RCA was observed to 
have a water absorption rate of 4-4.7%, while NA only absorbed 0.5-1% of water 
(Shayan & Xu, 2003). Sagoe-Crentsil et al. (2001) reported water absorption value was 
5.6% for RCA and 1.0% for NA. 4.9 - 5.2% and 2.5% for RCA and NA absorptions, 
respectively were found by Limbachiya et al. (2000). 

b. Shape and gradation 
The shape and gradation of RCA are affected by the RCA producing 

method and crusher type used. The aggregate particle shape influences the workability 
of the structure. RCA shape is generally more angular than NA. Gradation of RCA must 
lie in the range within the gradation requirement for each structure type that is 
accepted by the engineering international or local authorities. 

c. Crushing and Los Angeles abrasion 
Crushing and Los Angeles (LA) abrasion tests are used to evaluate 

the durability of materials. The LA abrasion test results indicate that RCA has more fine 
particles than NA when crushed or exposed to the impact of steel balls, which shows 
that RCA is lower durable than NA. This is because the residual mortar in RCA can be 
easily removed when subjected to loading, whereas NA does not have a similar coating 
to lose, hence leading to the higher LA abrasion value of RCA. Crushing tests showed 
values of 23.1% for RCA and 15.7% for basalt (Sagoe-Crentsil et al., 2001), 24% for RCA, 
and 13% for basalt (Shayan & Xu, 2003). LA abrasion values for RCA and NA were found 
as 32% and 11%, respectively (Shayan & Xu, 2003), and 26.4 - 42.7% and 22.9%, 
respectively (Tavakoli & Soroushian, 1996). The weakness of the adhered mortar was 
revealed by the crushing and abrasion tests. Since this layer is most likely broken off 
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and separated from the aggregate, probably, this mortar layer may also create a weak 
bond in concrete. 

d. RCA in pavement applications 
RCA has shown a high potential in recycling and reuse. In recent 

decades, numerous studies have been carried out to assess the practicality of using 
RCA materials in projects involving concrete, mortar, and road construction (Cardoso, 
Silva, Brito, & Dhir, 2016; Hou, Ji, Su, Zhang, & Liu, 2014; Jones, Zheng, Yerramala, & 
Rao, 2012; Mills-Beale & You, 2010) (Agrela et al., 2012; Arulrajah, Piratheepan, Ali, & 
Bo, 2012; Ebrahim Abu El-Maaty Behiry, 2013; Kianimehr, Shourijeh, Binesh, 
Mohammadinia, & Arulrajah, 2019; Q. Li & Hu, 2020; Maghool, Arulrajah, Ghorbani, & 
Horpibulsuk, 2022; Pourkhorshidi, Sangiorgi, Torreggiani, & Tassinari, 2020; Tataranni et 
al., 2018). 

 

 
Figure 2.8 Concrete compressive strength at different water-to-cement (w/c) ratios and 

different RCA contents (Limbachiya et al., 2000). 
 

With the difference between RCA and NA properties, they behave 
differently in the concrete mix and the RCA finished concrete performs unlike NA 
(conventional) concrete. The compression strength of RCA concrete is affected by 
several factors including w/c ratio, properties and percentage of RCA in the mix, and 
the amount of adhered mortar on the RCA. In a research by Limbachiya et al. (2000), 
with the same w/c ratio, compressive strength of concrete mixes was found the same 
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at 0% and 30% of RCA replacements while concrete mix with 100% of RCA showed 
lower compressive strength Figure 2.8.  Etxeberria, Vázquez, Marí, and Barra (2007) also 
reported that up to 25% of RCA can be replaced without significant change in 
compression strength. However, the w/c ratio needs to be 4 - 10% lower to obtain the 
similar strength at 50 - 100% RCA, otherwise, the compression strength of concrete mix 
with 100% RCA was reduced by 20 - 25%. 

Several studies have found that the addition of RCA material has 
less effect on the splitting tensile strength of concrete mix than its compressive 
strength. Kang, Kim, Kwak, and Hong (2012) reported that RCA concrete displays 
comparable splitting tensile strength to NA concrete and, in some cases, even exhibits 
superior tension performance. Tavakoli and Soroushian (1996) reported that under 
different conditions such as aggregate size, water-to-cement ratio, and dry mix time, 
most RCA concrete samples demonstrated higher tensile strength than NA concrete 
samples (Figure 2.9). The percentage of elastic modulus decrease is different in various 
studies when RCA is used (Froudinstou-Yannas, 1977; Maruyama, Sogo, Sogabe, Sato, 
& Kawai, 2004).  

 

 
Figure 2.9 Splitting tensile strength of RCA and NA concretes with varied conditions of 

aggregate size, w/c ratio, and dry mix time (Tavakoli & Soroushian, 1996) 
 

The shrinkage of concrete occurs during the drying process of 
concrete, which is influenced by factors such as the amount of binder, the water-to-



30 
 

 
 

cement ratio, and the type of aggregate used. When using recycled concrete aggregate 
(RCA), the level of shrinkage of concrete increases proportionally with the increase of 
RCA replacement (Yang, Chung, & Ashour, 2008). Because RCA concrete contains more 
binder (old and new), it has a higher shrinkage level (20-50% more) than natural 
aggregate (NA) concrete (Corinaldesi, 2010). When NA is totally replaced by RCA, the 
shrinkage of concrete increases by approximately 80% compared to NA concrete. Most 
researchers agree that shrinkage deformation of RAC prepared with fine RCA is greater 
than coarse RCA (Etxeberria et al., 2007). 

RCA is also used in cement stabilization by several researchers 
(Chakravarthi, Boyina, Singh, & Shankar, 2019; Q. Li & Hu, 2020; Yaowarat et al., 2020). 
In cement stabilized RCA and conventional aggregates (VA), Chakravarthi et al. (2019) 
found a significant development in the strength of cement stabilized RCA and VA 
blends compared to cement stabilized RCA at all cement content. The maximum 
strength was recognized at RCA:VA ratio of 50:50. When compared to the cement 
stabilized reclaimed asphalt pavement (RAP), cement stabilized RCA provided 
remarkably higher strength at the same cement content (Figure 2.10).   

 

   
Figure 2.10 7-day cured UCS and ITS of cement stabilized RCA:VA and RAP:VA blends 

at different cement content (Chakravarthi et al., 2019). 
 

However, cement stabilized RCA required a high cement content 
(>5%) to achieve the specifications of the base layer for high-volume roads. The 
authors also reported that the maximum elastic modulus was recorded at RCA:VA ratio 
of 25:75 and cement content of 6%. Whereas, the elastic modulus tremendously 
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decreased for blends of 100% RCA and 75% RCA-25% VA at 6% cement content 
because of the high brittle of material due to the high cement content and high existing 
residual mortar surrounding the aggregates (Figure 2.11). 

 

 
Figure 2.11 The elastic modulus of cement stabilized RCA:VA and RAP:VA blends at 

different cement content (Chakravarthi et al., 2019) 
 

 
Figure 2.12 UCS values of cement stabilized RCA and cement-PVA stabilized RCA at 7-

day and 28-day cured times (Yaowarat et al., 2020) 
 

Yaowarat et al. (2020) studied on the potential of RCA as the 
pavement base/subbase material. Cement and polyvinyl alcohol (PVA) were used as 
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additives to improve the mechanical strengths of RCA. With the proper dosages of 
cement (3%) and PVA (1.5% or 2%), the results indicated that 7-day cured UCS of both 
cement-stabilized RCA and cement-PVA stabilized RCA achieved the minimum 
requirement of road construction authorities (Figure 2.12). In addition, the resilient 
modulus values for both types of stabilized RCA exceeded the minimum recommended 
value, and an increase in resilient modulus over time was also observed. 

 

(a)  

(b)  
Figure 2.13 UCS (a) and ITS (b) of cement stabilized RCA:NA with different RCA 

replacements at different cured times (Q. Li & Hu, 2020). 
 

 Q. Li and Hu (2020) researched the use of RCA in the partial 
replacement of NA in cement stabilized materials. The results indicated that though 
the RCA replacements led to a decrease of strength compared to the cement 
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stabilized NA, the 7-day strength of cement stabilized RCA:NA blends met the 
minimum requirement for road bases (Figure 2.13). The cement stabilized RCA:NA with 
high RCA replacement showed an obvious reduction of dry shrinkage (Figure 2.14). 

Kianimehr et al. (2019) evaluated the viability of using RCA  in the 
improvement of the shear/compressive strengths and deformation properties of clay 
soils. The findings demonstrated that incorporating RCA into clay soils resulted in lower 
density and greater unconfined compressive strength (UCS) with the increase of moist 
curing. In comparison to pure clay soil, RCA and Clay soil blends exhibited higher 
tendencies for dilative behavior during shear and higher shear strengths. It is concluded 
that adding RCA in clay soils leads to stronger, stiffer, and less compressible blends which 
are particularly suitable for pavement construction purposes of base/subbase/subgrade. 

It has been found that RCA lacks different properties than NA due 
to which the performance of structure containing RCA (qualitative uncertainty and 
variability) is inferior to structure containing NA. Though RCA expresses some 
disadvantages compared to natural materials, it still satisfies the requirements of 
construction authorities. Therefore, RCA has been used as a potential material 
supporting sustainable development in the construction industry. Researching 
sustainably RCA has become an essential part of sustainable development and 
continues to play an important role in the future. 

 

   
Figure 2.14 Total amount of drying shrinkage and the dry shrinkage development with 

time cement stabilized RCA:NA with different RCA replacements (Q. Li & Hu, 
2020). 
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The results obtained in this literature survey agree to conclude that 
recycled aggregates such as SS and RCA are possibly used as construction materials in 
pavement applications with quality comparable to those produced with NA. In 
conclusion, the use of recycled materials as construction materials for pavement is 
technically feasible, economical, and constitutes an eco-friendly approach for future 
industrial waste management strategies. 

 

2.3 Natural rubber latex in pavement applications 
Natural rubber latex (NRL) is a natural polymer whose application in 

construction has become a new trend that has been extendedly encouraged because 
it is an effective and environmentally-friendly additive alternative to synthetic 
polymers. Indeed, NRL has been researched and proven its effectiveness in 
compressive, tensile, and flexural strengths improvement of cement mortar, cement 
paste, concrete technology, and cement-stabilized soils (Buritatun et al., 2020; Jose & 
Kasthurba, 2020; Muhammad, Ismail, Bhutta, & Abdul-Majid, 2012; Sukmak et al., 2020; 
Vo & Plank, 2018; Yaowarat et al., 2021).  

Yaowarat et al. (2021) reported that the pores of NRL-concrete specimens were 
infiltrated by the NRL films. At the optimum rubber/cement (r/c) ratio of 1.16%, the 
films in concrete matrixes were thin which linked and reinforced cement matrixes and 
hence improved flexural strength. At the higher r/c ratio, however, the thicker NRL 
films retarded the hydration and hardening processes of cementitious products and 
led to the lower compressive and flexural strengths of concrete. 

The addition of NRL was proved to improve the flexural and toughness of 
cement paste while retarding the setting time and hydration. The maximum flexural 
strength was found at the optimum r/c ratio. Beyond this optimum, the flexural 
strength decreased but with higher flexural deflection (Sukmak et al., 2020). A similar 
finding was found in NRL application in cement stabilized lateritic soil (Buritatun et al., 
2020). 

Jose and Kasthurba (2020) studied the effect of NRL on the properties of laterite 
soil-cement blocks and reported that the rubber particles were observed filling inside 
the pores and holding the soil particles, which decreased the total pore volume and 
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therefore reduced the water absorption. The minimum number of pores was found at 
the optimum NRL of 3%. However, for the larger NRL contents, the excess NRL particles 
reduced the soil cohesion. The replacement of cement particles by rubber particles 
may be the reason for the reduction in cohesion and thus reduced compressive 
strength. In addition, the growth of 33% in weathering resistance property and the 
weight loss less than 1.25% of laterite soil-cement block were observed at 2% of NRL. 
The results of this research also concluded that the thermal conductivity of laterite 
soil-cement blocks was decreased by 3.5% with the addition of 1% of NRL. Thus, the 
NRL application is positive in tropical climate countries by offering higher thermal 
insulation.  

 

 

 
Figure 2.15 The microstructure of NRL-concrete for w/c = 0.4 at (a) r/c = 0; (b) r/c = 

1.16 (optimal); (c) r/c = 5.78 (Yaowarat et al., 2021). 
 
Though the NRL has shown its effectiveness as an additive that can improve 

the properties of structures in pavement application, the study on cement-natural 
rubber latex stabilized recycled aggregates is in its infancy while the recycled 
aggregates are considered eco-friendly and cost-effective materials with the increasing 
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application demand. Thailand is one of the large producers of natural rubber latex 
worldwide. Besides exporting, the Thailand government has also encouraged research 
and applications of NRL in construction, especially, in pavement applications as the 
road transportation system in Thailand has been rapidly growing.  

 

 

 
Figure 2.16 Variation of water absorption, compressive strength, weight loss, and 

thermal conductivity of laterite soil-cement blocks corresponding NRL 
contents (Jose & Kasthurba, 2020). 

 

2.4 Properties of cement stabilized materials and related pavement 
performance 
Using cement stabilized materials (CSM) as backfill materials for road 

base/subbase or subgrade is a beneficial choice to control the project cost compared 
to the asphalt mixture. The granular unbound structural layer is transformed into the 
stabilized structural layer by the stabilization of cementitious materials. This 
significantly increases the tensile strength and improves the bearing capacity of the 
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stabilized layer. In order to increase the serviceability of pavement during the design 
service life, it is necessary to enhance the durability of CSM. The deterioration of the 
CSM structure layer is closely linked to factors such as material composition, traffic 
load, and environmental impact. The shrinkage crack development, erosion of fine 
materials due to environmental effects, deformation, and fatigue failure under traffic 
load are considered the main reasons causing the failure of the CSM layer. The failure 
mechanism and durability improvement measures of CSM under different factors are 
important aspects that are necessary to be evaluated for sustainable development. 
 

2.4.1 Strength and modulus of cement stabilized layers and related 
pavement performance 
The strength of the cement stabilized layer (CSL) is crucial because it 

directly controls the performance of CSL and thus affects the overall pavement 
performance. Furthermore, various measures of CSM strength are used to determine 
its specific engineering behavior. The modulus of rupture is a significant factor in the 
fatigue failure of CSL. Tensile strength plays an important role in the development of 
shrinkage cracking in CSL. The unconfined compressive strength (UCS) is a critical 
parameter for the top compression fatigue model and is often used in mix design tests. 
In Thailand, UCS is used as a conference value to control the quality of mix designs 
for pavement base structures. Thailand Department of Highway (DH-S204/2556, 2013) 
specifies the minimum 7-day UCS values of soil cement base are 1.724 MPa for low 
traffic volume roads and 2.413 MPa for high traffic volume roads. The UCS has a well-
established correlation with ITS and resilient modulus for cost-effective and time-
saving in geotechnical and pavement engineering design (Chhorn, Hong, & Lee, 2018; 
Din & Rafiq, 1997; Nazir, Momeni, JahedArmaghani, & Amin, 2013; Rashidi, Ashtiani, Si, 
Izzo, & McDaniel, 2018).  

Theyse, De Beer, and Rust (1996) reported that the development of 
UCS can mitigate the compression fatigue and the increase of breaking strain lead to 
tension fatigue decrease. The yield strength of damaged CSL is negatively related to 
the plastic strain of CSL. Thompson (1986) showed the increase of MOR reducing 
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fatigue cracking. George George (2001) reported that a low strength or low 
modulus/strength ratio is positive in mitigating shrinkage cracking. 

The strength of CSM is influenced by several factors. The tensile 
strength of cement stabilized soil is affected by molding water content, aggregates 
(type, gradation, shape), curing conditions, compaction efforts, compaction type, and 
cement content (Jayawickrama et al. 1998). The strength reduction of CSM can occur 
due to the delayed compaction and the high UCS values can be obtained with high 
levels of compaction effort. The increase in water content reduced the UCS value 
(Buritatun et al., 2020). In contrast, the increase in cement content develops the UCS 
and resilient modulus values (Arora & Aydilek, 2005; Buritatun et al., 2021; Buritatun et 
al., 2020). Resilient modulus and UCS of lightly stabilized soil are also enhanced by 
the 30% increase of fines content (Ashtiani, Little, & Masad, 2007). The ITS values of 
CSM were highest at molding optimum liquid content (1.0 OLC) and lower at 0.8 OLC 
and 1.2 OLC of molding liquid content (Buritatun et al., 2021). 

 
2.4.2 Shrinkage of cement stabilized materials and related pavement 

distress 
The bonding between the surface layer and the cement stabilized base 

layer is closely related to the cracking of the surface layer which might be caused by 
the shrinkage cracking of cement stabilized layers (CSL). Shrinkage in the cement-
stabilized layer is caused by the reduction in volume due to cement hydration, 
moisture loss, and temperature decrease. George (1990) reported that the bonding 
from the underlying layer restrains the shrinkage of the cement-stabilized layer, which 
causes the development of tensile stress in the surface layer. This leads to occurring 
shrinkage cracking when the tensile stress develops exceed the tensile strength of the 
stabilized materials. Shrinkage of CSL is affected by material characteristics, moisture 
content, additive content, and curing conditions. George (1990) reported that the 
higher moisture content compared to the OWC causes excessive shrinkage cracking. 
Hence, the reduction of shrinkage can be obtained by decreasing molding water 
content, increasing compaction density, avoiding montmorillonite clay, and controlling 
the degree of saturation to 70%. 



39 
 

 
 

In the early stage of CSM base design, the high cement content in the 
mixture is normally required to achieve high mechanical strength, which increases the 
stiffness but decreases the toughness of the CSM base layer. It is prone to tensile and 
shrinkage cracks at the bottom of the structure layer. Liao, Chen, Jiang, and Lei (2012) 
made a comparison in the mechanical properties and crack resistance of CSM at various 
cement content. Results showed that the mechanical properties of CSM displayed an 
increasing trend corresponding to the increase of cement content and the dry-
shrinkage strain was minimized at optimum cement content of 3.5%. 

 

 
Figure 2.17 Dry-shrinkage strain and Dry-shrinkage coefficient of CSM (Liao et al., 2012). 
 

2.4.3 Fatigue of Cement stabilized layer related to pavement distress 
Fatigue occurs in the pavement as a result of repeated loads caused by 

traffic. The reduction in fatigue resistance of CSM can be caused by decreasing modulus 
value, decreasing density, increasing moisture content, or insufficient mixing. The 
fatigue life of CSL typically is related to the stress or the strain ratio (Jitsangiam, Nusit, 
Chummuneerat, Chindaprasirt, & Pichayapan, 2016; Yu, Wei, & Ma, 2011). The number 
of cycles to 50% of the initial modulus value is considered to be the fatigue life of 
CSM in the beam tests (Midgley & Yeo, 2008).  

Bottom-up tensile fatigue in CSL occurs as a result of tensile strain at 
the bottom of the CSL due to the repeated traffic loads (Y. Li, Metcalf, Romanoschi, & 
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Rasoulian, 1999; Pretorius & Monismith, 1972). Under these loads, tensile stress/strain 
initiated the microcracks at the bottom of the CSL and thereby spread upwards. The 
fatigue of the CSL caused a reduction in its modulus values, which increased the tensile 
strain at the bottom of the layer, resulting in fatigue cracking in the surface layer. When 
CSL experiences freeze-thaw and/or wet-dry cycles, the strength and modulus value 
decrease, which reduces its fatigue resistance (Naji & Zaman, 2005). Sounthararajah, 
Bui, Nguyen, Jitsangiam, and Kodikara (2018) reported that the pavement fatigue 
damage increased when the CSL layer thickness decreased. The fatigue of CSL is 
directly related to the strength of the cement stabilized materials. The IDT strength 
increase of cement stabilized materials increases fatigue resistance (Hadley, Hudson, & 
Kennedy, 1972). The increase in break strain of cement stabilized materials increases 
the tensile fatigue life of CSL (Theyse et al., 1996). 

For a thick CSL, the repeated compression at the top of CSL may cause 
fatigue failure, compression/crushing fatigue in the CSL, and result in rutting of 
pavement. The tensile strain at the bottom of the CSL is insufficient to induce tensile 
fatigue in these layers. However, the high compressive strain cause crushing in the top 
2-3 inches, particularly when there is excessive moisture presence (De Beer, 1990). An 
increase in the UCS of CSM decreases the compression strain and improves the 
crushing fatigue life (Theyse et al., 1996). A compressive strain of 1% has believed to 
be the failure strain for compression fatigue. Top-down compressive fatigue typically 
occurs when a thin asphalt layer is placed on top of a lightly stabilized thick layer. 

2.4.4 Wetting-Drying durability of CSL 
In cement stabilized layer, the deterioration occurs as a result of 

environmental impact such as wetting and drying (w-d) cycles. The strength and 
stiffness values of the CSL are reduced as the number of w-d cycles increases, which 
might affect the fatigue cracking resistance (Buritatun et al., 2021; Hoy, Rachan, 
Horpibulsuk, Arulrajah, & Mirzababaei, 2017; Paige-Green & Ware, 2011). Wen and 
Ramme (2008) investigated a field study and they found a significant reduction of the 
UCS at the middle of the traffic lane of CSL, the strength is less than 10% compared 
to the original UCS after seven years of service. The strength loss in the middle area 
of the road lane suggests that the decline in the strength of the CSL material was 



41 
 

 
 

mainly due to environmental factors rather than traffic-related conditions. 
Furthermore, the decrease in stiffness and strength creates significant surface 
deflections and high-stress levels in the surface layer, which results in bottom-up 
fatigue cracking in the surface layer.  

In summary, wetting and drying durability is necessary to be considered 
in pavement design and analysis because of its significant influence on the 
performance of CSL. 
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CHAPTER III 

IMPROVED MECHANICAL AND MICROSTRUCTURE OF 
CEMENT-STABILIZED LATERITIC SOIL USING RECYCLED 

MATERIALS REPLACEMENT AND NATURAL RUBBER LATEX 
FOR PAVEMENT APPLICATIONS 

 
3.1 Introduction 

The pavement structure, comprising base and subbase layers beneath the 
surface layer (i.e., concrete or asphalt pavement) is normally built from natural 
aggregates such as natural quarry and granular aggregate materials. Lateritic soil (LS), 
which is abundantly available in tropical countries, is employed as an alternative 
pavement base/subbase material for the purpose of reducing the cost of road 
construction (Maichin et al., 2021; Osinubi & Nwaiwu, 2006). However, some natural LS 
have unfavorable characteristics when used as a road construction material. The 
mineralogical and structural alteration of LS is influenced by the duration of exposure 
to weathering and the subjected load, which leads to a change in engineering 
properties. A deep understanding of the structure and engineering behavior of LS is 
important for the usage of this material in highway construction.  

The lessons learned from the previous research and practice demonstrated 
that the damage of LS base was due to the deterioration of the soil aggregate and its 
swelling behavior when subjected to the intense rainfall (Camapum de Carvalho et al., 
2015; Toll & Caicedo, 2015). In addition, the longitudinal and transverse cracks of the 
pavement occurred when the tensile strength of the lateritic soil cannot resist the high 
volume of traffic load (Benatti & Miguel, 2013; Pessoa, 2004). Otálvaro, Neto, and 
Caicedo (2015) investigated the compressibility and microstructure of compacted 
lateritic soil for pavement application and indicated that the bimodal and grain size 
distribution were changed during compression and more than 50% of the broken soil 
aggregates caused the collapse of lateritic soil pavement. Some researchers have 
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demonstrated that lateritic soils sometimes have unfavorable physical and mechanical 
properties such as high plasticity, substandard gradation, and low California bearing 
ratio (CBR), which do not always comply with the specifications for high volume roads 
designated by international or local road authorities (Horpibulsuk, Katkan, 
Sirilerdwattana, & Rachan, 2006; Maichin et al., 2021; Onyelowe, 2019; Otunyo & 
Chukuigwe, 2018; Sariosseiri & Muhunthan, 2009).  As a result, improvement techniques 
have been applied for enhancing the quality of lateritic soils to achieve the required 
mechanical properties for pavement construction criteria. One of the cost-effective 
and widely used techniques is soil replacement with chemical stabilization method. In 
chemical stabilization, the interlocking between fine and coarse particles is enhanced 
by mixing unfavorable soils with high-quality coarse materials having an appropriate 
grain size distribution. A blend of 50%LS, 40% quarry aggregate, and 10% carbon black 
was reported to have the satisfied gradation and engineering properties for road 
base/subbase course (Tugume, Owani, Jjuuko, & Kalumba, 2018). The stabilizers 
including lime, fly-ash, and cement are commonly used in chemical stabilization 
method whilst Portland cement is preferred in most Southeast Asian countries because 
of the rapid improvement of mechanical properties at reasonable cost (Buritatun et 
al., 2020; Joel & Agbede, 2011; Phummiphan et al., 2016). The hydration products are 
generated within the void space of material grains and enhance mechanical properties 
of cement stabilized aggregates (Dafalla & Mutaz, 2012; Saeed & Hashim, 2018). The 
degree of improvement is affected by influential factors such as water/cement 
content, curing condition, and compaction effort (Horpibulsuk, Rachan, Chinkulkijniwat, 
Raksachon, & Suddeepong, 2010).  

Mengue et al. (2017) indicated that 6% to 9% cement stabilized LS can be used 
as a pavement base as it satisfied the minimum strength requirement. In addition, 
remarkable shear strength improvement of cement stabilized LS was observed via 
triaxial loading test results. The effect of wetting-drying cycles on the durability of 
cement-LS mixture was investigated and found that the samples with 6% cement 
content could resist against 15 wetting-drying cycles, while the samples with higher 
cement content up to 12% can resist more cycles (Wahab et al., 2021). and Consoli, 
Párraga Morales, and Saldanha (2021); Joel and Agbede (2011) studied the mechanical 
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properties of cement stabilized LS/sand blend at different sand replacement ratios (0, 
15, 30, 45, and 60%) and cement contents (0, 3, 6, 9, and 12%). The Atterberg limits, 
CBR, and UCS of the cement stabilized LS/sand blends were improved with the 
increase of sand replacement ratio and cement content. The 6% cement and 45% 
sand replacement ratio were found to be the optimum ingredient for soil-cement-sand 
mixture as a pavement base. 

To preserve natural resources and reduce the environmental burden, many 
researchers used the construction and demolition wastes including recycled concrete 
aggregate (RCA), recycled asphalt pavement (RAP), crushed brick (CB), and other 
industrial by-products including SS, plastic polyethylene terephthalate (Walker & 
Stace), calcium carbide residue (CCR) instead of the natural aggregates for a sustainable 
pavement application (Arulrajah, Mohammadinia, Phummiphan, Horpibulsuk, & 
Samingthong, 2016; Arulrajah, Perera, Wong, Horpibulsuk, & Maghool, 2020; Donrak et 
al., 2020; Jeerapan et al., 2019; Koohmishi & Palassi, 2022; Maghool, Arulrajah, Ghorbani, 
& Horpibulsuk, 2022). Furthermore, several studies have reported that SS and RCA can 
be deployed in pavement applications because their mechanical characteristics are 
evaluated to be similar or even superior to natural materials (Barišić, Dimter, & 
Rukavina, 2014; Ebrahim Abu El-Maaty Behiry, 2013; Hoy, Horpibulsuk, Rachan, 
Chinkulkijniwat, & Arulrajah, 2016; Maslehuddin, Sharif, Shameem, Ibrahim, & Barry, 
2003; Qasrawi, 2014; Sudla et al., 2018). The UCS of cement stabilized 15%RCA-soil 
mixtures was reported to satisfy the minimum strength requirement as a 
subbase/subgrade for flexible and rigid pavement (Ebrahim Abu El-Maaty Behiry, 2013). 
Sudla et al. (2020; 2018) investigated the LS and crushed slag (Macsik & Jacobsson) 
blends stabilized by cement and fly ash (FA) as a pavement base. The CS replacement 
was found to improve the gradation and the resistance against Los Angeles abrasion 
and the soaked CBR of the blend, while reduce its liquid limit and plasticity index. In 
addition, the durability of cement and fly ash stabilized LS and CS blend against the 
wetting-drying cycles were also improved. 

Even with its undeniable efficiency, cement stabilized material displays a 
shortcoming of brittle behavior, especially under compressive and tensile stresses 
(Correia, Venda Oliveira, & Custódio, 2015; Jamsawang, Voottipruex, & Horpibulsuk, 
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2015; Khattak & Alrashidi, 2006; Mengue et al., 2017; Wahab et al., 2021; Yaowarat, 
Suddeepong, et al., 2021). Pavement materials are commonly subjected to the tensile 
and flexural stresses caused by the wheel loads and the internal temperature. When 
the cement stabilized aggregate layers with low tensile and flexural strengths subject 
to these stresses, cracking takes place, which causes the reduction in the structural 
strength or the premature failure of the pavement. In addition, the water effortlessly 
enters the subgrade through the cracks, decreases the subgrade support and thereby 
hastens pavement deterioration. As a result, the service life of pavement structure is 
decreased.  

Synthetic polymer additives including polyvinyl alcohol and asphalt emulsion 
were deployed to alleviate the limitations of cement-stabilized soils by enhancing the 
microstructure and mechanical properties of the mixtures. This leads to the 
improvement of serviceability and sustainability of road using cement-stabilized soil as 
a pavement material (Baghini, Ismail, Naseralavi, & Firoozi, 2016; Estabragh, 
Beytolahpour, & Javadi, 2011; Jose & Kasthurba, 2021; Tingle & Santoni, 2003; Yaowarat 
et al., 2022; Yaowarat, Sudsaynate, et al., 2021).  

Natural rubber latex (NRL) is a natural polymer which has high elastic and 
tensile properties similar to synthetic polymer additives. Thailand is one of the largest 
producers of NRL worldwide. Besides exporting, the Thailand government also 
encourages research and development on using NRL in civil construction applications 
and especially in pavement applications as the road system in Thailand is rapidly 
growing. Indeed, NRL has been researched and proven to be effective in tensile and 
flexural strength improvement of cement mortar, cement paste, concrete, and 
cement-stabilized soils (Buritatun et al., 2020; Jose & Kasthurba, 2021; Muhammad, 
Ismail, Bhutta, & Abdul-Majid, 2012; G. Sukmak et al., 2020; Vo & Plank, 2018).  

However, to the best of author’s knowledge, the utilization of NRL as a polymer 
to improve the mechanical properties of cement stabilized lateritic soil with recycled 
aggregate replacement as pavement materials has not been studied. Using available 
in-situ LS in road construction can reduce the costs of transporting materials while the 
reuse of recycled aggregates can prevent the depletion of earth’s natural resource and 
assist to offset environmental problem. For eco-friendly and cost-effective approach, 
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this research attempts to ascertain the UCS and ITS of cement-NRL stabilized LS 
blended with SS and RCA as a sustainable pavement base material. Blending lateritic 
soil with SS and RCA can reduce fine contents and improve its particle contact strength. 
The cement content, dry rubber-to-cement (r/c) ratio, SS:LS ratio, and RCA:LS ratio 
were the influence factors investigated in this research. The microstructural analyses 
including scanning electron microscopy (SEM) and X-ray diffraction (XRD) were 
conducted to provide an insight into the influence factors on mechanical strength 
development. This research output will demonstrate the effective utilization of natural 
rubber latex and recycled materials for sustainable pavement technology. 

 

3.2 Materials and methods 
3.2.1 Materials 

Original Portland cement was used in this research and its physical and 
mechanical properties are provided in Table 3.1. The natural rubber latex (NRL) 
obtained from the Rubber Authority of Thailand was used as a non-traditional additive. 
It was comprised of sodium dodecyl sulphate (SDS), zinc 2-mercaptobenzothiazole 
(ZMBT), zinc oxide, calcium carbonate. SDS was used as a surfactant to remove protein. 
ZMBT, zinc oxide, calcium carbonate, and sulphur substances can enhance the 
workability and properties of NRL. Table 3.2 shows the compositions of NRL; it was 
classified as the low dry rubber content (< 31%) (Muhammad et al., 2012). 

Aggregates used this research included lateritic soil (LS), steel slag (SS), 
and recycled concrete aggregate (RCA). LS was collected from Nakhon Ratchasima 
province, Thailand, SS was obtained from Siam Steel Mill services Co., Ltd., Chonburi 
province, Thailand, and RCA was from the demolished concrete structures. The grain 
size distribution and engineering properties of aggregates are summarized in Figure 3.1 
and Table 3.3, respectively, which were benchmarked with the national standards, 
Department of Highways (DOH), Thailand (DH-S201/2544, 2001; DH-S203/2556, 2013; 
DH-S204/2556, 2013; DH-S210/2547, 2004). These national standards are adopted from 
the standard specification for materials for soil-aggregate subbase, base, and surface 
courses according to ASTM D 1241 (ASTM-D1241, 2016), which is similar to AASHTO M 
147-17 (AASHTO-M-147, 2017). LS had high fine content and its index properties did 
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not compliance with the specification of DOH, Thailand. Although the Los Angeles 
abrasion value of LS was within the requirements for base material specified by DOH, 
Thailand, its Los Angles abrasion and soaked CBR value were found to be low. Similar 
research works suggested that the LS with low Los Angles abrasion required to blend 
with high-quality coarse aggregates to minimize the deterioration of the soil aggregates 
when subjected to cyclic traffic loading (Donrak et al., 2020; Phummiphan et al., 2018; 
2016; Sudla et al., 2020). Therefore, LS must be blended with RCA/LS to improve 
physical and mechanical properties prior to cement stabilization for pavement 
applications. Table 3.4 shows the chemical compositions of LS, SS, and RCA obtained 
from the X-ray fluorescence (XRF) analysis. The major components of LS were SiO2 
(75.51%), Al2O3 (14.28%), and Fe2O3 (6.64%). The major components of SS and RCA 
were CaO, SiO2, Al2O3, Fe2O3, and MgO. SS contained higher amount of Fe2O3 and MgO 
than RCA, while RCA had higher amount of CaO and SiO2 than SS.  

 
Table 3.1 Physical and chemical properties of Portland cement. 

Properties of Portland cement Values 
Workability properties 

Initial setting time 101 min 
Final setting time 188 min 

Unconfined Compressive Strength (UCS) 
7-days UCS 24.7 MPa 
28-days UCS 32.6 MPa 

Chemical compositions in percent 
Silicon dioxide 20.7 
Sulphur oxide 4.8 
Ferric oxide 3.1 
Aluminum oxide 4.7 
Calcium oxide 65.3 
Magnesium oxide 2.8 
Loss on ignition 0.9 

[ 
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Table 3.2 Properties of Natural Rubber Latex (NRL). 
Properties Values 

Total solid content, %wt 33.06 
Dry rubber content, %wt 30.79 
Sludge content, %wt 2.46 
Coagulum content, %wt 0.024 
Specific garvity, Gs 0.96 

pH 8 

 
Table 3.3 Engineering properties of SS, RCA and LS. 

Properties SS RCA LS 

Standard for 
base materials 

(DH-
S201/2544) 

Standard for 
stabilization of 
base materials 

(DH-
S204/2532) 

Largest particle size, mm 25 25 25 ≤50 ≤50 
Los Angeles abrasion, % 17.2 31 34 ≤40 ≤60 
Liquid limit, % - - 21 ≤25 ≤40 
Plastic limit, % - - 8 ≤6 - 
Plasticity index, % - - 14 ≤6 ≤15 
Specific gravity 3.64 2.57 2.78 - - 
Maximum dry density, kg/m3 2700 1960 2130 - - 
Optimum water content, % 6.04 12 8.07 - - 
California bearing ratio 58 43 18.16 ≥80 - 
Water absorption of coarse-
grained (%) 

1.21  3.2 5.95 - - 

Water absorption of fine-
grained (%) 

4.53 5.3 4.2 - - 
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Table 3.4 Chemical compositions of LS, SS, and RCA. 
 CaO SiO2 Al2O3 Fe2O3 MgO MnO2 TiO2 SO3 K2O Cr2O3 

Materials % 
LS 0.92 75.51 14.28 6.64 1.08 0.53 0.66 - 0.28 0.21 
SS 22.24 25.47 4.95 34.61 3.74 5.35 0.28 1.97 0.048 1.05 
RCA 52.48 36.40 3.08 2.87 1.62 0.09 0.21 1.18 0.13 - 

 

 
Figure 3.1 Particle grain size distribution. 

 
3.2.2 Mix design  

This research aims to evaluate the effect of NRL and the recycled 
aggregates (SS and RCA) replacement on the UCS and indirect tensile strength (ITS) of 
the cement-NRL stabilized blends as pavement base courses. The cement stabilized 
SS:LS and cement stabilized RCA:LS were prepared as controlled materials. The 
cement-NRL stabilized SS:LS and cement-NRL stabilized RCA:LS were prepared at dry 
rubber to cement (r/c) ratios of 3%, 5%, 10%, and 15%. The SS and RCA replacement 
ratios were SS:LS = 70:30 and 50:50, and RCA:LS = 70:30 and 50:50. The gradation 
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curves of each blend were also presented in Figure 3.1. In this research, 5% cement 
content by weight practically used in Thailand was selected (DH-S203/2556, 2013).  

 
Table 3.5 The ingredient and name of the studied mix design in this study. 

Mixtures SS (%) RCA (%) LS (%) r/c* ratio 
SS:LS=70:30, r/c = 0% 70 0 30 0 
SS:LS=70:30, r/c = 3% 70 0 30 3 
SS:LS=70:30, r/c = 5% 70 0 30 5 
SS:LS=70:30, r/c = 10% 70 0 30 10 
SS:LS=70:30, r/c = 15% 70 0 30 15 
SS:LS=50:50, r/c = 0% 50 0 50 0 
SS:LS=50:50, r/c = 3% 50 0 50 3 
SS:LS=50:50, r/c = 5% 50 0 50 5 
SS:LS=50:50, r/c = 10% 50 0 50 10 
SS:LS=50:50, r/c = 15% 50 0 50 15 
RCA:LS=70:30, r/c = 0% 0 70 30 0 
RCA:LS=70:30, r/c = 3% 0 70 30 3 
RCA:LS=70:30, r/c = 5% 0 70 30 5 
RCA:LS=70:30, r/c = 10% 0 70 30 10 
RCA:LS=70:30, r/c = 15% 0 70 30 15 
RCA:LS=50:50, r/c = 0% 0 50 50 0 
RCA:LS=50:50, r/c = 3% 0 50 50 3 
RCA:LS=50:50, r/c = 5% 0 50 50 5 
RCA:LS=50:50, r/c = 10% 0 50 50 10 
RCA:LS=50:50, r/c = 15% 0 50 50 15 

*5% cement content by weight 
 

The sample preparation was commenced by mixing recycled aggregates 
(SS or RCA) with LS and cement thoroughly. The mixtures were then mixed with water 
to produce the cement-stabilized SS:LS and RCA:LS samples and mixed with water-
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NRL to produce the cement-NRL stabilized SS:LS and RCA:LS samples. Table 3.5 
summarizes the ingredient and name of the studied mix design in this study. 

Modified compaction test was performed based on ASTM D1557 (ASTM-D1557, 
2012) to obtain the maximum dry density (MDD) and optimum water content (OWC) 
of the studied blends. Thereafter, the samples prepared at the MDD and OWC were 
subjected to UCS test and ITS test. The unstabilized SS:LS blends and RCA:LS blends 
were also prepared and tested to evaluate the effect of cement on the UCS 
development. 

3.2.3 Experimental program 
a. Unconfined compressive strength (UCS) test 

UCS test was conducted in accordance with ASTM D1633 (ASTM-
D1633, 2017). The mold with 101.60 mm in diameter and 116.8 mm in height was used 
to prepare samples. Samples were cured in the mold for 24 hours before they were 
removed and wrapped by plastic films. They were then cured in a controlled 
temperature room at 25 ± 2oC for 7- and 28 days (Figure 3.2). The UCS test was 
conducted with a vertical deformation rate of 1.0 mm per minute by using a 
compression machine. Three samples of each mixture were prepared and tested under 
the same condition to ensure the reliability of results. 

b. Indirect tensile strength (ITS) test 
ITS test is the prescribed method to measure the tensile 

characteristic, which is related to cracking resistance of cement stabilized aggregates. 
ITS samples were prepared using a mold with internal diameter of 101.60 mm and 
height of 63.5 mm under the same designed mixtures and curing conditions as UCS 
test (Figure 3.3). Based on ASTM D6931 (ASTM-D6931, 2017), the ITS test was also 
conducted on the compression test machine with a vertical deformation rate of one 
mm per minute. 

For the mechanistical properties tests of the studied mixtures, at 
least three samples were prepared and tested for each mixture under the same testing 
conditions in order to ensure the data consistency. The results were reported with a 
low mean standard deviation (SD/x < 10%, where x is the mean strength value). 
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(a) 

       
(b) 

Figure 3.2  Photograph of (a) UCS samples in curing condition, (b) before and after UCS 
testing. 
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Figure 3.3 Photograph of ITS samples. 
 

c. Microstructural analysis 
SEM was performed to examine the growth of cementitious 

products in the samples. SEM samples were collected from broken fragments of the 
28 days cured samples after UCS test. The liquid nitrogen was applied to immobilize 
the samples for about five minutes prior to evacuation at a pressure of 0.5 Pascal at -
40oC for five days. The samples were then coated with gold prior to SEM analysis.  

For the XRD analysis, the fragments of 28 days cured samples were 
collected, pulverized and passed through a 0.75 mm sieve to obtain the powder 
samples. Thereafter, they were oven-dried at 110oC for 24 hours before being 
subjected to XRD analysis. The powder samples were placed onto the X-ray 
diffractometer, and the readings were recorded for 2θ angles from 10o to 60o, and at 
an angular speed of 2o/min with a step size of 0.02. 
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3.3 Results and discussion 
3.3.1 Compaction characteristics 

The compaction characteristics (MDD and OWC) of the unstabilized 
samples, cement stabilized SS:LS and RCA:LS, and cement-NRL stabilized SS:LS and 
RCA:LS with different SS/RCA:LS ratios and r/c ratios are illustrated in Figure 3.4. For 
unstabilized samples, the 70SS:30LS blend had a higher MDD value than the 50SS:50LS 
blend whilst their OWC values were similar. Because the specific gravity of SS (Gs = 
3.64) was higher than that of LS (Gs = 2.78), the MDD of SS:LS blends increased with 
the increased SS replacement. In contrast, the specific gravity of RCA (Gs = 2.57) was 
lower than that of LS. Hence, the 70RCA:30LS blend had lower MDD value than the 
50RCA:50LS blend while the OWC of 70RCA:30LS blend was higher than that of 
50RCA:50LS blend due to the higher water absorption of RCA. Moreover, the OWC 
value was more sensitive to the RCA replacement than the SS replacement. 

 

 
Figure 3.4 The illustration of compaction characteristics of mixtures. 

 

The compaction behavior of the cement stabilized SS:LS and the cement 
stabilized RCA:LS (at r/c = 0%) was found to be similar to that of unstabilized samples 
while the MDD and OWC of the cement stabilized samples were higher. This is because 
more water is required for cement hydration and therefore it lubricates interparticle 
interaction between recycled aggregates and lateritic soils prior to the initial setting to 
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develop the denser package and higher MDD. This result is in agreement with the 
previous finding (Buritatun et al., 2020; Horpibulsuk et al., 2006; Sariosseiri & Muhunthan, 
2009). 

The MDD and OWC values of cement-NRL stabilized SS:LS and RCA:LS 
samples at different r/c ratios are also demonstrated in Figure 3.4. The MDD of cement-
NRL stabilized SS:LS and RCA:LS samples increased with the increased r/c ratio and 
reached the maximum values prior to the decrease of MDD. While the OWC of these 
samples gradually increased with the increased r/c ratio. The r/c ratio of 3% was found 
be optimum for cement-stabilized SS:LS samples at both SS:LS ratios of 70:30 and 
50:50. Whereas the optimum r/c ratio for cement-stabilized RCA:LS samples at ratios 
of 70:30 and 50:50 was found to be the same at r/c ratio of 5%. This implies that the 
influence of NRL can enhance the compactability of cement stabilized material and lead 
to an increase in MDD. However, beyond the optimum r/c ratio, the undue solid form of 
NRL causes the reduction in MDD of the mixtures. This is because the NRL substance 
coagulates the mixtures and separates solid particles to form loose aggregation. The 
similar results were found in previous research studies on NRL modified soil-cement 
stabilization (Baghini, Ismail, & Bin Karim, 2015; Buritatun et al., 2020; Jose & Kasthurba, 
2021). 

The MDD of cement-NRL stabilized 70SS:30LS and 50SS:50LS samples 
was significantly higher than that of cement-NRL stabilized 70RCA:30LS and 50RCA:50LS 
samples at all r/c ratios. This is due to the specific gravity of the SS (Gs = 3.64) being 
higher than that of LS (Gs = 2.78) and RCA (Gs = 2.57). As a result, the higher SS and 
RCA replacement ratio contributed to the increase and the decrease in MDD of the 
SS:LS and RCA:LS blends, respectively, which has been previously reported by Sudla 
et al. (2018). On the other hand, the SS:LS blends had lower OWC than the RCA:LS 
blends because the SS had lower water absorption capacity than the RCA and the LS. 

 
3.3.2 Unconfined compressive strength  

Figure 3.5 summaries the UCS of cement stabilized SS:LS and RCA:LS 
and cement-NRL stabilized SS:LS and RCA:LS samples at different SS/RCA:LS ratios with 
various r/c ratios. The UCS of unstabilized SS:LS blends and RCA:LS blends were also 
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presented to evaluate the effect of the cement stabilization. It is noteworthy that the 
UCS of both unstabilized blends increased with increasing the curing time. The 7- and 
28-day UCS of pure LS was however found to be similar, which was 0.26 MPa and 0.28 
MPa, respectively. This implied that unreacted cement particles in RCA and lime 
particles in SS could react with water and caused the UCS development over time. 
The UCS of unstabilized RCA:LS blends was higher than that of SS:LS blends at both 7 
and 28 days of curing. This showed that the RCA had higher degree of chemical 
reaction, which could be attributed to the higher amount of CaO and SiO2, detected 
by XRF analysis, of RCA when compared with SS.  

 

 
Figure 3.5 Unconfined compressive strength of unstabilized samples, cement- and 

cement-NRL stabilized SS:LS and RCA:LS samples at various r/c ratios. 
 

The 7-day UCS values of all cement stabilized SS:LS and RCA:LS 
samples at all r/c ratios were significantly higher than those of the unstabilized samples 
and the minimum requirement for both low traffic volume road (7-day UCS ≥ 1.724 
MPa) and high traffic volume road (7-day UCS ≥ 2.413 MPa) specified by DOH, Thailand 
(DH-S204/2556, 2013). This might be attributed to the cement hydration products and 
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NRL films on the enhancement of interparticle bonding within the stabilized samples 
matrix.  

At a particular type of recycled aggregate, the cement stabilized blends 
with higher replacement ratios had higher 7-day UCS than the cement stabilized LS. 
The 7-day UCS of cement stabilized 70SS:30LS sample was higher than that of cement 
stabilized 70RCA:30LS sample while the 7-day UCS values of cement stabilized 
50SS:50LS and 50RCA:50LS were found to be similar. Sudla et al. (2018) reported the 
low Los Angeles abrasion resistance of SS can enhance the engineering properties of 
SS and LS blends. In this research, the Los Angles abrasion of LS (34%) was higher than 
RCA (31%) and higher than SS (17.2%), which means the mechanical strength of SS was 
better than RCA and LS. As a result, the cement stabilized SS:LS had higher UCS value 
than the cement stabilized RCA:LS at the same recycled aggregate replacement ratios 
(SS:LS = 70:30 and RCA:LS = 70:30). Moreover, at all recycled aggregate replacement 
ratios, the UCS of cement stabilized SS:LS and RCA:LS samples increased with longer 
curing period. These findings were similar to the previous studies on the utilization of 
cement stabilized SS and RCA as pavement base/subbase materials in that the UCS of 
the stabilized LS increased with increasing the recycled aggregate content, cement 
content, and curing time (Barišić et al., 2014; Ebrahim Abu El-Maaty Behiry, 2013). 

The UCS values of cement-NRL stabilized SS:LS and RCA:LS depend 
upon its r/c ratios and curing time. The UCS development trends of cement-NRL 
stabilized SS:LS and RCA:LS were found to be similar; UCS increased with increasing 
the r/c ratio until the maximum value at the optimum r/c ratio and then declined with 
further increase in r/c ratio. At the optimum r/c ratios, the UCS values of both cement-
NRL stabilized SS:LS and RCA:LS samples were higher than those of the cement-
stabilized SS:LS and RCA:LS (r/c ratio = 0%) samples. This confirms that the addition of 
NRL can enhance the cement stabilized SS/RCA and soil blends. 

However, the optimum r/c ratio producing the maximum UCS of 
cement-NRL stabilized SS:LS and RCA:LS samples were found to be different. The 
highest UCS values of cement-NRL stabilized SS:LS and RCA:LS samples at all recycled 
aggregate replacement ratios cured for both 7 and 28 days were found at the optimum 
r/c ratio of 3% and 5%, respectively. At the optimum r/c ratio, the 7-day UCS of 
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cement-NRL stabilized 70SS:30LS (r/c ratio = 3% and 70RCA:30LS (r/c ratio = 5%) 
samples was approximately 12% and 10.5% higher than that cement stabilized 
70SS:30LS and 70RCA:30LS samples, respectively. Meanwhile, at the optimum r/c ratio, 
the 7-day UCS of cement-NRL stabilized 50SS:50LS (r/c ratio = 3%) and 50RCA:50LS 
(r/c ratio = 5%) samples was about 9% and 11% higher than cement stabilized 
50SS:50LS and 50RCA:50LS, respectively. It is therefore worthwhile mentioning that at 
optimum r/c ratio, the percent improvement by NRL is practically the same even with 
different in replacement ratios and replacement materials.  

 

 
(a) 

 
(b) 

Figure 3.6 Stress-strain curves of cement and cement-NRL stabilized SS:LS samples:  
(a) SS:LS=70:30 and (b) SS:LS=50:50. 
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(a) 

 
(b) 

Figure 3.7 Stress-strain curves of cement and cement-NRL stabilized RCA:LS samples: 
(a) RCA:LS=70:30 and (b) RCA:LS=50:50. 
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toughness of the samples could be illustrated by the area under the stress-strain curve 
of the samples. It was clearly indicated that the cement-NRL stabilized samples exhibited 
higher toughness than the cement stabilized samples (without NRL additive); the 
toughness increased with the increased r/c ratio. This is a merit of cement-NRL stabilized 
recycled aggregate and soil blends as a pavement base subjected to cyclic loading of 
vehicles.  

3.3.3 Indirect tensile strength 
The ITS of cement stabilized SS:LS and RCA:LS samples and cement-

NRL stabilized SS:LS and RCA:LS samples at different SS/RCA:LS ratios and various r/c 
ratios were evaluated and are shown in Figure 3.8. The 7- and 28-day ITS of pure LS 
was 0.11 MPa and 0.16 MPa, respectively. The ITS development pattern of cement 
stabilized SS:LS and RCA:LS samples and cement-NRL stabilized SS:LS and RCA:LS 
samples were found to be similar to the UCS development pattern. Indeed, the highest 
values of ITS were obtained at the optimum r/c ratios of 3% and 5% respectively for 
the cement-NRL stabilized SS:LS and cement-NRL stabilized RCA:LS samples. At the 
optimum r/c ratios, the values of ITS curing at 7 days of cement-NRL stabilized SS:LS 
and RCA:LS samples were approximately 10% higher than those of cement stabilized 
SS:LS and RCA:LS samples. This confirms that the addition of NRL can also empower 
the tensile strength of the cement stabilized recycled aggregate and soil blends.  

The cement-NRL stabilized samples with higher recycled aggregate 
replacement ratios (SS:LS = 70:30 and RCA:LS = 70:30) exhibited higher ITS values than 
the samples with lower replacement ratios (SS:LS = 50:50 and RCA:LS = 50:50). In 
addition, the cement-NRL stabilized 70SS:30LS samples exhibited higher ITS values 
than that of cement-NRL stabilized 70RCA:30LS samples at the optimum r/c ratios. This 
is because SS had higher resistance to abrasion and angularness than RCA.  

It was evident that the r/c ratio had a direct influence on both UCS and 
ITS of the studied blends. The maximum UCS and ITS values of 7-day and 28-day 
samples were obtained at the optimum r/c ratios of 3% and 5% respectively for 
cement-NRL stabilized 70SS:30LS and 50SS:50LS samples and cement-NRL stabilized 
70RCA:30LS and 50RCA:50 samples. Figures 3.9 and 3.10 show the relationships 
between the 7-day UCS versus 28-day UCS and 7-day ITS versus 28-day ITS of the 
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studied blends with and without NRL, respectively. The rate of UCS and ITS 
development over time was found to be the same for different replacement materials 
and replacement ratios. In general, the UCS and ITS development of cement stabilized 
materials is primarily governed by cement hydration products.  This implies that the 
addition of NRL and replacement materials did not alter the rate of cementation bond 
strength over time of cement stabilized materials. Since both UCS and ITS 
development of cement stabilized materials are primarily dependent upon the 
cementation bond strength, it is on sound engineering principles and practices to 
establish the relationship between ITS and UCS for cement-NRL stabilized SS:LS and 
RCA:LS as shown in Figure 3.11. The ITS is commonly used to estimate the tensile or 
flexural cracking resistance of cement stabilized aggregate but the test is more 
complicated and time-consuming than the UCS test. The establishment of the 
correlation between UCS and ITS is therefore cost-effective and time-savings for 
geotechnical and pavement engineering design (Chhorn, Hong, & Lee, 2018; Din & Rafiq, 
1997; Nazir, Momeni, Armaghani, & Amin, 2013; Wang, Chen, Xue, & Zhang, 2020). It is 
noted that the linear regression analysis exhibited the p-value < 0.000, which ensuring 
more than 95% confidence level of the developed models in Figure 3.9, 3.10 and 3.11. 

 

 
Figure 3.8 Indirect tensile strength of cement- and cement-NRL stabilized SS:LS and 

RCA:LS samples at various r/c ratios.  
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(a) 

 

(b) 
Figure 3.9 Relationship between 7-day and 28-day UCS of cement-NRL stabilized        

(a) SS:LS and (b) RCA:LS samples at different r/c ratios. 
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(a) 

 
(b) 

Figure 3.10 Relationship between 7-day and 28-day ITS of cement-NRL stabilized         
(a) SS:LS and (b) RCA:LS samples at different r/c ratios. 
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(a) 

 
(b) 

Figure 3.11 Relationship between ITS and UCS of cement-NRL stabilized (a) SS:LS and 
(b) RCA:LS samples. 
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3.3.4 Microstructural analysis 
a. Scanning electron microscopic analysis 

SEM analysis was conducted to inspect the change in microstructure 
of cement stabilized and cement-NRL stabilized samples, which cannot be observed 
by naked eyes. In this research, the cementitious products: calcium hydroxide (CH), 
calcium silicate hydrate (C-S-H), ettringite, NRL film, and pores are the important 
components to be examined. The change in soil structure associated with the 
interparticle bond strength, porosity and interconnected films is shown by the growth 
of cement hydration reaction and NRL film in pore spaces. Figure 3.12(a-f) illustrates 
the SEM images of cement stabilized and cement-NRL stabilized SS:LS and RCA:LS 
samples at an age of 28 days.  

Figures 3.12a and 3.12b demonstrate SEM images of cement 
stabilized 70SS:30LS and 70RCA:30LS samples; the cementitious products were clearly 
detected in the pore space. The presence of cement hydration products resulted in 
the reduction of the void ratio and the increase of interparticle bond strength, which 
led to the development of mechanical strength (Horpibulsuk et al., 2010; Imtiaz, 
Ahmed, Hossain, & Faysal, 2020).  

The SEM images of cement-NRL stabilized 70SS:30LS at optimum 
r/c ratio of 3% and cement-NRL stabilized 70RCA:30LS at optimum r/c ratio of 5% are 
shown in Figures 3.12c and 3.12d, respectively. The NRL films coexisted with the 
cementitious products were clearly detected in the pore space of the soil structures. 
In other words, the NRL film infiltrated the pore space that has not been filled by the 
cementitious products and resulted in the decrease in porosity. Consequently, UCS 
and ITS of the hardened cement-NRL stabilized blends were improved (Buritatun et 
al., 2020). However, a thicker NRL film network was generated from the excessive NRL 
volume, which was detected by SEM images of cement-NRL stabilized 70SS:30LS and 
70RCA:30LS at r/c ratio of 15% (Figures 3.12e and 3.12f, respectively). The thicker films 
covered the cement grains and aggregates and acted as a barrier of water absorption, 
which might cause insufficient water for cement hydration. In other words, it retarded 
the hydration process and led to low UCS and ITS development of cement-NRL 
stabilized blends.   
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(a) SS:LS=70:30 at r/c ratio of 0% 

 

 
(b) RCA:LS=70:30 at r/c ratio of 0% 

 
(c) SS:LS=70:30 at optimum r/c ratio of 3% 

 

 
(d)  RCA:LS=70:30 at optimum r/c ratio of 5% 

 
(e) SS:LS=70:30 at maximum r/c ratio of 15% 

 
(f)  RCA:LS=70:30 at maximum r/c ratio of 15% 

 
Figure 3.12 Scanning electron microscope images of cement stabilized and cement-

NRL stabilized SS:LS and RCA:LS samples at ages of 28 days. 
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b. X-ray diffraction analysis 
The mineralogical modifications in soil fabric can be analyzed by XRD 

analysis. The XRD patterns illustrate the amount of crystalline phase formation that 
represents the original aggregates and the cement hydrates. The X-axis in the pattern is 
in 2θ degree and the Y-axis is the intensity of the diffracted beam. Figure 3.13 shows 
XRD patterns of cement stabilized and cement-NRL stabilized 70SS:30LS and 70RCA:30LS 
samples at the optimum r/c ratio and on dry and wet sides of optimum. The XRD 
patterns illustrate main phases including quartz (SiO2), calcite (CaCO3), and calcium 
silicate hydrate (CaO-SiO2-H2O).  

The mineralogy (XRD pattern) of cement stabilized 70SS:30LS and 
70RCA:30LS was altered by the addition of NRL additive (compared Figure 3.13a-b to 
Figure 3.13c-f). It can be seen that the peak intensity of quartz and calcite were 
changed. They are the main compositions attribute to the carbonation of cement 
hydrates and result in mechanical strength development (Dafalla & Mutaz, 2012; Saeed 
& Hashim, 2018; P. Sukmak et al., 2019). It is evident from the XRD analysis that the 
cement hydration of both cement-NRL stabilized SS:LS and RCA:LS decreased with the 
increased rubber content. Similarly, the effect of latex polymer on the degree of 
cement hydration of cement-latex mortar and soil stabilization was found to be 
reduced with the increased solid rubber content (Diab, Elyamany, & Ali, 2013).   

In addition, the variation of quartz (Si) and calcite (Ca), which are 
the dominant minerals governing the hydration of cement stabilization, was also 
discovered in this research. Kunther, Ferreiro, and Skibsted (2017) investigated the 
influence of the Ca/Si ratio on the UCS of cementitious products binders and indicated 
that the higher strength of cemented materials can be obtained at lower Ca/Si ratio. 
In this study, the Ca/Si ratio of cement stabilized SS:LS and RCA:LS samples was 
changed with the addition of NRL additive and was influenced by r/c ratio. It was clearly 
evident that the highest compressive and tensile strength values of cement-NRL 
stabilized SS:LS and RCA:LS at optimum r/c ratios were obtained at the lowest Ca/Si 
ratios as shown in Figure 3.14. 
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(a) SS:LS=70:30 at r/c ratio of 0% 

 

 
(b) RCA:LS=70:30 at r/c ratio of 0% 

 
(c) SS:LS=70:30 at optimum r/c ratio of 3% 

 
(d) RCA:LS=70:30 at optimum r/c ratio of 5% 

 
(e) SS:LS=70:30 at maximum r/c ratio of 15% 

 
(f) RCA:LS=70:30 at maximum r/c ratio of 15% 

 
Figure 3.13 X-ray diffraction patterns of cement stabilized and cement-NRL stabilized 

SS:LS and RCA:LS samples at ages of 28 days. 
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SEM and XRD analyses confirmed that the UCS and ITS 
development of cement-NRL stabilized SS:LS and RCA:LS samples was influenced by 
the r/c ratio in which the samples at the excess NRL prevented the hydration process 
and hence fewer hydration products were detected, leading to the reduction of UCS 
and ITS. However, at the optimum r/c ratio, SEM images demonstrated that the 
cement-NRL mixture was improved by the formation of latex network (films) and 
membranes, resulted in the UCS and ITS development (Ohama, 1995).   

 

 
Figure 3.14 The variation of Ca/Si ratios of cement stabilized and cement-NRL 

stabilized SS:LS and RCA:LS at different dry rubber/cement ratios. 
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SS and RCA. The SS and RCA replacement ratios were SS:LS = 70:30, and 50:50, and 
RCA:LS = 70:30 and 50:50. The cement content of 5% by weight of aggregate and dry 
NRL to cement (r/c) of 0%, 3%, 5%, 10%, 15% were investigated. The SEM and XRD 
analyses were also conducted to ascertain the effect of the influence factors on their 
UCS and ITS development. The following are the significant conclusions obtained from 
this research: 

1. The r/c ratios had the influence on the compactability, UCS, and ITS of 
cement-NRL stabilized SS:LS and RCA:LS blends. The optimum r/c ratios provided the 
lubrication of aggregate particles and led to the denser structure of the blends. The 
cement hydration reaction and film formation of NRL empower the interparticle bond 
strength and resulted in development in both UCS and ITS. The highest MDD, UCS, and 
ITS of cement-NRL stabilized SS:LS and RCA:LS blends were found at optimum r/c 
ratios. The optimum r/c ratios were found to be 3% for cement-NRL stabilized 
70SS:30LS and 50SS:50LS samples, and 5% for cement-NRL stabilized 70RCA:30LS and 
50RCA:50LS samples.  

2. The UCS and ITS values of cement-NRL stabilized SS:LS and RCA:LS samples 
depend upon the r/c ratio and curing time. The UCS and ITS development patterns of 
cement-NRL stabilized SS:LS and RCA:LS were found to be similar; UCS and ITS 
increased with increasing the r/c ratio until the maximum value at the optimum r/c 
ratio and then declined with further increase in r/c ratio. At the optimum r/c ratios, the 
UCS and ITS values of both cement-NRL stabilized SS:LS and RCA:LS samples were 
higher than those of the cement-stabilized SS:LS and RCA:LS (r/c ratio = 0%) samples. 
This confirms that the addition of NRL can enhance the cement stabilized SS/RCA and 
soil blends. In addition, at a high replacement ratio of 70%, the UCS and ITS of cement-
NRL stabilized SS:LS blends were higher than that of cement-NRL stabilized RCA:LS 
blends at the same optimum r/c ratio. This is because SS had higher resistance to 
abrasion and angularness than RCA. 

3. The UCS and ITS development of cement-NRL stabilized SS:LS and RCA:LS 
blends were found to be reliant on the r/c ratio. Hence, the direct relationship between 
UCS and ITS of cement-NRL stabilized SS:LS and RCA:LS samples at various r/c ratios 
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with high reliability and accuracy could be established. This information is useful for 
predicting the mechanical strength for pavement engineering design. 

4. SEM and XRD analyses confirmed that the hydration products of cement-
NRL stabilized SS:LS and RCA:LS samples decreased with the increased NRL content. 
The excess NRL created a thicker NRL film network which covered the aggregate-
cement matrix and retarded the hydration process. This led to the weaker structures 
and the drop of UCS and ITS. However, at the optimum r/c ratios, the coexistence 
between hydration products and the NRL films increased the interparticle bond 
strength and filled up the pore spaces. As a result, the void ratio of the cement-NRL 
stabilized blends was reduced, and therefore the UCS and ITS were improved. 
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CHAPTER IV 

IMPROVED FATIGUE PROPERTIES OF CEMENT-STABILIZED 
RECYCLED MATERIALS - LATERITIC SOIL USING NATURAL RUBBER 

LATEX FOR SUSTAINABLE PAVEMENT APPLICATIONS 
 

4.1 Introduction 
The base course is an essential component of the pavement structure that 

determines the quality and lifespan of the roads. In recent years, the significant 
increase in traffic load and volume has led to the shorter lifespan of the roads, which 
motivates researchers to conduct research concerning novel pavement improvement 
techniques. Cement, fly ash, lime, and slag are cementing binders that produce 
cementitious products through the hydration process to transfer the unfavored 
material into a strong bound pavement material. The cementitious products improve 
the strength of the structural base course by distributing the load over the larger area, 
hence the base layer's required thickness can be reduced. 

Chemical stabilization of pavement materials is often considered for a cost-
effective pavement design in Southeast Asia countries. Moffat et al. (1998) studied the 
performance comparison of bound and unbound granular pavement materials. It was 
reported that though the cost of stabilized materials might increase 2-3 times while its 
deformation resistance could be 6 - 10 times superior to the unbound layer. Portland 
cement is the most common binder used in chemical stabilization because of its 
convenience to implement in the field and its rapid improvement of mechanical 
properties (Horpibulsuk et al., 2006; 2010). Sobhan and Das (2007) indicated that 
cement hydration products enhance the chemical bonding of cement-stabilized 
materials and result in strength development. Arora and Aydilek (2005) and (Buritatum 
et al., 2020; 2022a) reported that the unconfined compressive strength (UCS) and 
indirect tensile resilient modulus (IT Mr) values of cement-stabilized soil materials 
could be increased with the increase of cement content. The pavement structure's 
stiffness affects the load distribution; the stiff cement-stabilized base can distribute 
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traffic loads over a larger area,  decreasing subgrade stresses and preserving the original 
grade for many years without expensive resurfacing or repairs (Christopher, Schwartz, 
& Boudreau, 2006).  

Cement stabilization has been effectively applied to improve the properties of 
several materials, such as soils, granular materials, and recycled aggregates. Cement 
stabilization can increase cohesion of cohesionless soil, thus enhancing its strength and 
durability. Furthermore, cement stabilization can be used to improve expansive clayey 
soil's mechanical properties and mitigate linear shrinkage and water absorption (Firoozi 
et al., 2017). Horpibulsuk et al. (2006; 2010) also reported that the proper cement 
content could improve mechanical properties of silty clay, lateritic soil, and crushed 
rock. 

To reduce the environmental burden from demolition and industrial wastes 
and save the construction cost, recycled materials such as recycled concrete aggregate 
(RCA) and steel slag (SS) have been widely utilized as aggregates in cement stabilization 
for sustainable pavement applications (Agrela et al., 2012; Arulrajah et al., 2020; Baghini 
et al., 2015; Barišić, Dimter, & Rukavina, 2015; Chakravarthi et al., 2019; Imtiaz et al., 
2020; Li & Hu, 2020; Sariosseiri & Muhunthan, 2009). However, a rapid loss of moisture 
at early stage of cement stabilization leads to shrinkage and cracking of the pavement 
base course (Buritatum et al., 2022b). Hence, instead of cement usage as a single 
additive, synthetic polymers such as polyvinyl alcohol and asphalt emulsion have 
been used as a compound additive to enhance the microstructural and tensile/flexural 
properties of cement-stabilized base materials (Baghini et al., 2016; Estabragh, 
Beytolahpour, & Javadi, 2011; Li et al., 2020; Tingle & Santoni, 2003; Yaowarat et al., 
2020; 2021).  

One of the natural polymers that have been commonly used in recent research 
is natural rubber latex (NRL), which has demonstrated effectiveness in enhancing the 
strength and durability of cement stabilization because of its high elastic and tensile 
properties (Buritatum et al., 2020; Buritatum et al., 2022a; Jose & Kasthurba, 2020; Tran 
et al., 2022). Tran et al. (2022) investigated the UCS development of cement-NRL 
stabilized lateritic soil with RCA and SS replacement and illustrated that the UCS meets 
the minimum strength requirement designated by the Department of Highways (DOH), 
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Thailand as a base material. However, in the field condition, repetitive stress by the 
traffic loads is generated instead of unconfined compressive stress; the UCS alone may 
not apply to the actual situations (Khoury & Zaman, 2007; Thompson & Smith, 1990). 
The cyclic traffic loads typically cause vertical compressive and horizontal tensile 
stresses in the pavement base layer (Kavussi & Modarres, 2010). The cumulative 
irreversible deformation caused over time by repeated tensile stress eventually leads 
to fatigue-cracking failure (Sobhan & Das, 2007). Several studies demonstrated the 
importance of fatigue properties of cement-stabilized base materials for pavement 
thickness design; the selected base material must withstand the critical repeated loads 
and prevent excessive permanent deformation during the service lifetime (Bhogal et 
al., 1995; Biswal, Sahoo, & Dash, 2020b; Jitsangiam, Nusit, Chummuneerat, 
Chindaprasirt, & Pichayapan, 2016a; Lv et al., 2019; Pretorius & Monismith, 1972; 
Sounthararajah, Bui, Nguyen, Jitsangiam, & Kodikara, 2018; Werkmeister, 2003; Wilmot 
& Rodway, 1999). The parameters that affect the tensile properties of cement stabilized 
materials were investigated previously (Consoli, Marques, Floss, & Festugato, 2017; 
Festugato, Venson, & Consoli, 2021). Festugato et al. (2021) found that the resilient 
modulus and fatigue life were directly proportional to the cement content and 
inversely proportional to the porosity of cement-stabilized sand. Consoli et al. (2017) 
established the generalized function to assess the strength values at various porosities 
and cement contents. 

The tensile strength and stiffness modulus of the materials are essential for 
pavement design following the mechanistic-empirical pavement design guideline. The 
pavement thickness design is based on the fatigue-cracking failure criteria, which is 
obtained from a relationship between tensile strain and fatigue life of the cement-
stabilized material. The tensile property of cement-stabilized materials can be 
measured by direct or indirect tensile, and flexural beam tests. The test under cyclic 
flexural stress is considered as the most important condition for evaluating the fatigue 
response (Rao et al., 1990). However, several researchers have recommended indirect 
tensile testing instead as a cost and time effective method (Bullen, 1994; Piratheepan, 
Gnanendran, & Lo, 2010).  
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Therefore, to investigate the effective utilization of natural rubber latex in 
cement- stabilized lateritic soil with RCA and SS as pavement base materials, the 
indirect tensile resilient modulus and indirect tensile fatigue life under cyclic load 
conditions were performed. The relationship between the UCS, ITS, IT-Mr, permanent 
deformation, and fatigue life of those cement-stabilized lateritic soil with different 
recycled aggregate replacements was established, which are viral parameters for 
structural pavement design in the mechanistic empirical approach. 
 

4.2 Materials and methods 
4.2.1 Materials 

Aggregates of this research included lateritic soil (LS), steel slag (SS), and 
recycled concrete aggregate (RCA). LS and SS were collected from Nakhon Ratchasima 
province and Siam Steel Mill Services Co., Ltd., Chonburi province, Thailand, 
respectively while RCA was obtained from crushed concrete structures in Nakhon 
Ratchasima province. Figure 4.1 shows the grain size distribution of LS, SS, and RCA and 
compares it with the base gradation limits designed by the Department of Highways 
(DOH), Thailand, similar to AASHTO M 147. The liquid limit and plastic limit of LS were 
21% and 8%, respectively, while the SS and RCA were non-plastic material. The LS, 
RCA, and SS had a specific gravity of 2.78, 2.57, and 3.64, respectively. The maximum 
dry unit weight of LS, RCA, and SS was 21.30 kN/m3, 19.60 kN/m3, and 27.00 kN/m3, 
respectively, at the optimum water content of 8.1, 12.0, and 6.05%. LS, RCA, and SS 
had a Los Angeles abrasion value of 34, 31, and 17.2%, respectively, and were lower 
than the maximum allowance of 40% specified by DOH, Thailand. The aggregate 
material required a minimum California bearing ratio (CBR) of 80% to meet the standard 
requirement for base material designed by DOH, Thailand (DH-S201/2544). The CBR of 
LS, RCA, and SS was 18, 43, and 58%, respectively, and lower than the minimum 
requirement; hence the cement is used to stabilize these materials following the DOH, 
Thailand guideline for cement stabilization of base materials.         

Ordinary Portland cement having 7-day and 28-day compressive 
strengths of 24.7 MPa and 32.6 MPa, respectively, was used in this research. Natural 
rubber latex (NRL) in a liquid form comprised total solid content of 33.06, dry rubber 



93 

content of 30.8, sludge content of 2.46, and coagulum content of 0.024 percent by 
weight, which is classified as the low category rubber latex. The specific gravity and pH 
of NRL were 0.96 and 8, respectively. 

 

 
Figure 4.1 Grain size distribution of LS, SS, and RCA. 

 
4.2.2 Samples preparation 

The air-dried LS, SS, and RCA materials were passed through a 19-mm 
sieve to remove coarser particles before being used in this research. In this study, LS 
was replaced with 70% and 50% of recycled aggregates to design four blends, namely 
70SS:30LS, 50SS:50LS, 70RCA:30LS, and 50RCA:50LS. The cement content (5% by 
weight) was used for the cement stabilization. Each blend was thoroughly mixed with 
cement and followed by water to manufacture cement-stabilized SS/RCA:LS samples. 
Similarly, the blends were mixed with uniform water-NRL liquid to manufacture 
cement-NRL stabilized SS/RCA:LS samples. The samples were prepared by compaction 
at maximum dry density (MDD) and optimum liquid content (OLC) in a cylindrical mold 
with dimensions of 101.6 mm in diameter and 63.5 mm in height, which were 
predetermined from the modified compaction test (ASTM-D1557-12, 2012). The 
samples along with the mold were kept in a controlled temperature room (humidity 
of 95% and temperature of 25oC) for 24 hours before being demolded and wrapped 
with the plastic sheet. After 28 days of curing, the samples were subjected to the 
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mechanical strength and fatigue tests. The mechanical strength tests included UCS and 
ITS, while the fatigue tests included indirect tensile resilient modulus and indirect 
tensile fatigue. The mixed design showing the ingredient of the studied materials is 
demonstrated in Table 4.1. 

 
Table 4.1 The ingredient of mixed design in this study. 

Mixtures SS (%) RCA (%) LS (%) r/c* ratio 

SS:LS=70:30, r/c = 0% 70 0 30 0 

SS:LS=70:30, r/c = 3% 70 0 30 3 

SS:LS=70:30, r/c = 5% 70 0 30 5 

SS:LS=70:30, r/c = 10% 70 0 30 10 

SS:LS=70:30, r/c = 15% 70 0 30 15 

SS:LS=50:50, r/c = 0% 50 0 50 0 

SS:LS=50:50, r/c = 3% 50 0 50 3 

SS:LS=50:50, r/c = 5% 50 0 50 5 

SS:LS=50:50, r/c = 10% 50 0 50 10 

SS:LS=50:50, r/c = 15% 50 0 50 15 

RCA:LS=70:30, r/c = 0% 0 70 30 0 

RCA:LS=70:30, r/c = 3% 0 70 30 3 

RCA:LS=70:30, r/c = 5% 0 70 30 5 

RCA:LS=70:30, r/c = 10% 0 70 30 10 

RCA:LS=70:30, r/c = 15% 0 70 30 15 

RCA:LS=50:50, r/c = 0% 0 50 50 0 

RCA:LS=50:50, r/c = 3% 0 50 50 3 

RCA:LS=50:50, r/c = 5% 0 50 50 5 

RCA:LS=50:50, r/c = 10% 0 50 50 10 

RCA:LS=50:50, r/c = 15% 0 50 50 15 

*5% cement content by weight 
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4.2.3 Laboratory experimental program 

The main laboratory program consisted of resilient modulus and fatigue 
tests on cylindrical samples by applying indirect tensile loads at a temperature of 25oC 
using an universal test machine (Figure 4.2).  

 

 
 

  
 

Figure 4.2 Photograph of cylindrical samples and testing equipment in this research 
 

a. Indirect tensile resilient modulus (IT Mr) 
IT Mr test is commonly performed based on ASTM D4123 (ASTM-

D4123-82, 1995) to measure the relative quality of materials for pavement design and 
analysis. The test was carried out on cylindrical samples of 101.6 mm in diameter and 
63.5 mm in height using UTM under the indirect tension mode. The applied load 
frequency is 1 Hz with a test duration of 0.1 s and a rest period of 0.9 s. Based on 
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ASTM D4123, the applied load range is from 10% to 50% of the ITS value, and a 
minimum of 50 to 200 load repetitions are recommended for determining the resilient 
modulus. In this research, 150 pulses of repetitions were determined at a stress level 
of 30% of ITS, as suggested by Fedrigo, Núñez, Castañeda López, Kleinert, and Ceratti 
(2018). The average of the last five values of elastic stiffness after the first 100 cycles 
is defined as IT Mr. Three samples of each mixture were tested under the same 
condition, and the average was presented as IT Mr, which was calculated based on the 
following equation:  

𝐼𝑇 𝑀𝑟 =
𝑃(𝑣+0.27)

𝑡∆ℎ
     (1) 

where IT Mr is the indirect tensile resilient modulus (MPa), P is the repeated 
load (N), 𝑣 is the Poisson’s ratio (assumed to be 0.35), t is the sample thickness, and 
Δh is the total horizontal recoverable deformation (mm). 

b. Indirect tensile fatigue (IT Fn) 
Fatigue test is conducted to assess the fatigue resistance of cement-

stabilized materials. Either controlled stress (load) or controlled strain (displacement) 
is used in the fatigue test. In the controlled stress fatigue testing, the applied stress is 
kept constant, and the strain gradually increases, which is suitable for lightly cement 
stabilized material. While a constant strain is kept constant for the controlled strain 
testing mode. In this study, an indirect tensile fatigue test is carried out in controlled 
stress mode by EN 12697 (BS-EN-12697-24, 2012). 

In the BS EN 12697-24 standard, the fatigue life is defined as the 
total number of loading cycles needed to fail the sample. The tensile strain at the 
center of the sample is calculated with the equation: 

𝜀0 = (
2∆𝐻

𝑑
) × (

1+3𝑣

4+𝜋𝑣−𝜋
)               (2) 

where Poisson’s ratio (v) is assumed as equal to 0.35, hence equation (2) 
becomes:  

𝜀0 = 2.1
∆𝐻

𝑑
     (3) 

where ɛ0 is the tensile strain at the center of the samples (µɛ), ΔH is the 
measured horizontal deformation (mm), d is the sample diameter (mm), and the plastic 
tensile strain at the center of the sample is calculated with the following equation: 

𝜀𝑝 = 2.1
∆𝑝

𝑑
      (4) 
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where ɛp is the tensile plastic strain at the center of the sample (µɛ), and Δp is 
the initial plastic deformation (mm), and d is the sample diameter (mm). 

 

4.3 Results and discussion 
4.3.1 Mechanical strength 

Figures 4.3a and 4.3b, respectively, illustrate the 28-day UCS and ITS of 
cement- and cement-NRL stabilized SS/RCA:LS blends at different SS/RCA:LS 
replacement ratios and dry rubber/cement (r/c) ratios. Figure 4.3a demonstrates that 
the highest UCS of cement-NRL stabilized SS:LS blends was found at an r/c ratio of 3% 
and was higher than that of cement-stabilized SS:LS blends at both SS:LS=70:30 and 
SS:LS=50:50. While the r/c ratio of 5% was found to provide the highest UCS of cement-
NRL stabilized RCA:LS blends and higher than the cement-stabilized RCA:LS blends at 
both RCA:LS=70:30 and RCA:LS=50:50. As such, the r/c ratios of 3% and 5% were 
considered as the optimum r/c ratios for cement-NRL stabilized SS:LS and RCA:LS 
blends. For both SS:LS and RCA:LS blends, the cement-NRL stabilized samples 
contained higher recycled material replacement ratio indicated higher UCS values at a 
particular r/c ratio. This might be because both recycled materials (SS and RCA) had 
better mechanical properties than LS. For instance, SS had a higher resistance to Los 
Angeles abrasion than RCA and LS, respectively.  

The trends of ITS results of cement-NRL stabilized SS:LS blends and 
RCA:LS blends were noticeably similar to those of UCS results. This indicates that the 
additional NRL can improve both compressive and tensile strengths of cement-
stabilized SS/RCA:LS blends, which provide advantages for using these bound materials 
as a pavement base course. Farhan et al. (2015) proved that the high tensile strength 
of cement-stabilized material could improve pavement service life as it mitigates the 
fatigue cracking of the asphalt surface, which is a significant cause of pavement failure. 
A microstructural analysis using scanning electron microscope from the previous 
authors’ research indicated that at the optimum r/c ratio, the NRL polymer films could 
enhance the interparticle bonding of cement-stabilized recycled material (Tran et al., 
2022), which is similar to the other research on cement-NRL stabilized soil material 
(2020; Buritatum et al., 2022a; Jose & Kasthurba, 2020). On the other hand, the 
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excessive NRL used in cement-stabilized materials exbibits a negative effect on its 
microstructural properties as the thick NRL films retard the cement hydration, resulting 
in the low mechanical strength of cement-NRL stabilized materials. 

 

 
(a) 

 
(b) 

Figure 4.3 (a) Unconfined compressive strength, and (b) Indirect tensile strength of 28-
day cement- and cement-NRL stabilized SS:LS and RCA:LS samples at 
different SS/RCA:LS replacements and dry rubber/cement (r/c) ratios. 
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4.3.2 Indirect tensile resilient modulus (IT Mr) 

Figure 4.4 summarizes the IT Mr values of cement- and cement-NRL 
stabilized SS:LS and RCA:LS blends at different SS/RCA replacement ratios and various 
r/c ratios. Similar to UCS and ITS results, the IT Mr of cement-NRL stabilized SS:LS and 
RCA:LS blends at both SS/RCA:LS replacement ratios increased with an increase of r/c 
ratio until the highest values at the optimum r/c ratios and then decreased. The highest 
IT Mr values of cement-NRL stabilized SS:LS blends and RCA:LS blends were found at 
the optimum r/c ratios of 3% and 5%, respectively, which were higher than those of 
cement-stabilized SS:LS and RCA:LS blends. The IT Mr values of cement-NRL stabilized 
SS:LS=70:30 and SS:LS=50:50 samples at optimum r/c ratio = 3% were 20% and 24% 
higher than those of cement-stabilized SS:LS=70:30 and SS:LS=50:50 samples, 
respectively. While the IT Mr values of cement-NRL RCA:LS=70:30 and RCA:LS=50:50 
samples at optimum r/c ratio = 5% were increased by 17% and 22% compared with 
those of cement-stabilized RCA:LS=70:30 and RCA:LS=50:50 samples, respectively. It 
implied that the NRL additive enhanced mechanical strength and cyclic stiffness 
properties. 

 

 
Figure 4.4 Indirect tensile resilient modulus of cement- and cement-NRL stabilized SS:LS 

and RCA:LS blends at different SS/RCA replacements and dry rubber/cement 
(r/c) ratios. 
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For a particular type of recycled material, the samples with 70% of 
recycled material replacements (SS:LS=70:30 and RCA:LS=70:30) had higher IT Mr 
values than those with 50% recycled material replacements (SS:LS=50:50 and 
RCA:LS=50:50) at the same r/c ratio. Furthermore, at the optimum r/c ratio, cement-
NRL stabilized SS:LS blends exhibited higher IT Mr values than cement-NRL stabilized 
RCA:LS blends. This can be attributed to the mechanical and physical properties of SS 
were superior to those of RCA and LS, respectively. For instance, SS had LA abrasion = 
17.2%, CBR = 58%, and flakiness index = 3.20, RCA had LA abrasion = 31%, CBR = 43%, 
and flakiness index = 8.92, while LS had LA abrasion = 34%, and CBR = 18%. From the 
previous similar research, the mechanical and physical properties of the materials were 
found to influence the resilient modulus of cement-stabilized recycled waste materials 
(Arulrajah et al., 2020; Disfani et al., 2014). 

Following local and international road authorities such as AUSTROADS 
and ASSHTO guidelines for mechanistic-empirical pavement design, the pavement 
structure layers were evaluated by the resilient modulus (AASHTO, 2015; Elliott & 
Thornton, 1988; Jameson, 2008). Resilient modulus is a vital pavement design 
parameter (measurement indicator) of a material’s deflection characteristic; the design 
thickness depends on the resilient modulus. In addition, pavement service life is 
significantly related to distress failures, including fatigue cracking and rutting 
mechanism of pavement structures. In order words, the high resilient modulus of the 
cement-NRL stabilized base layers can enhance the resistance against the fatigue 
cracking and rutting failure of the pavement under cyclic loading. NRL additive can 
enhance the resilient modulus of cement-stabilized SS/RCA:LS blends, which means 
the pavement service life might be extended when used these materials in the 
pavement structures.  

Resilient modulus is a critical mechanistic property of a material 
described from a stress-strain relationship, which is similar in concept to the modulus 
of elasticity. However, the difference is that the modulus of elasticity is determined 
from the static load (general stress-strain relationship). In contrast, the resilient 
modulus is determined from the cyclic load (cyclic stress-strain relationship). Hence, 
the resilient modulus is defined as the stress amplitude (applied load per area of the 
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specimen) proportional to strain amplitude (recoverable deformation compared to its 
original height). Based on the cyclic stress-strain relationship, the stress and strain 
increase as the load is applied. However, when the stress is reduced, the strain also 
reduces, but not all strain is recovered after the stress is removed. In other words, the 
total horizontal deformation is the sum of elastic deformation or recoverable 
deformation (resilient behavior) and plastic deformation or permanent deformation 
(absorbing behavior).  

Since the pavement’s service life is significantly associated with the 
pavement structure deformation, the horizontal deformations versus the number of 
cycles behaviors of cement- and cement-NRL stabilized SS/RCA:LS blends were 
examined in this research. Figure 4.5 demonstrates the relationship between horizontal 
deformations and the number of cycles under load repetitions at 30% stress level of 
cement- and cement-NRL stabilized 70SS:30LS, 50SS:50SS, 70RCA:30LS, and 50RCA:50LS 
samples at optimum r/c ratios. It is of interest to demonstrate that the horizontal 
deformations versus the number of cycles relationship of cement- and cement-NRL 
stabilized SS:LS blends and RCA:LS blends at all recycled material replacement ratios 
were similar. The NRL additive significantly reduced the horizontal deformations (total, 
elastic, and plastic deformations) of cement stabilized SS/RCA:LS blends.  

Several researchers found that the density increase could enhance the 
resistance to permanent deformation of materials under repetitive loading. Elliott and 
Thornton (1988) and Hall et al. (2001) reported that the density of the granular base 
materials notably influenced the resilient modulus, and the high density could 
significantly reduce the plastic strain (permanent deformation). The samples under 
95% compaction effort exhibited remarkably large permanent axial strain when 
compared with the samples under 100% compaction (Barksdale, 1972).  Allen (1973) 
also reported that the plastic strain of the compacted crushed limestone and gravel 
aggregate under the Proctor energy was respectively reduced by approximately 80% 
and 20% when they were subjected to the modified Proctor energy. In this study, the 
cement-NRL stabilized SS:LS and RCA:LS blends at optimum r/c ratio had a higher 
density than cement-stabilized SS:LS and RCA:LS blends at the same compaction 
energy. The NRL films can enhance the interparticle bonding of the compacted 
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cement-stabilized SS/RCA:LS blends and the mechanical strength (UCS and ITS) 
properties, which lead to the improvement of resilient modulus. The high resilient 
modulus and low permanent deformation of cement-NRL stabilized SS/RCA:LS blends 
are associated with the improvement of the pavement structure capacity against 
fatigue rutting failure. As such, the pavement life might last longer as similar to the 
study on the cement-NRL stabilized soil  (Udomchai et al., 2021). 

 

 

(a) 

 

(b) 
Figure 4.5 Relationship between horizontal deformations and the number of cycles 

under repeated-load at 30% stress level of cement- and cement-NRL 

stabilized SS/RCA:LS blends at optimum r/c ratio: (a) SS:LS=70:30, (b) 

SS:LS=50:50 
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(c) 

 

(d) 

Figure 4.5 (Continued) Relationship between horizontal deformations and the number 

of cycles under repeated-load at 30% stress level of cement- and cement-

NRL stabilized SS/RCA:LS blends at optimum r/c ratio: (c) RCA:LS=70:30, and 

(d) RCA:LS=50:50. 
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deformation with the linear increase of the number of cycles. The accumulated micro-
cracks are formed and gradually developed during the first and the second zones, 
leading to the sudden failure of the sample in the third zone (Kavussi & Modarres, 
2010; Modarres & Bengar, 2017). Following EN 12697 (BS-EN-12697-24, 2012), indirect 
tensile fatigue life (ITFL) is defined as the number of cycles (Fn) at the fracture point of 
the sample under the cyclic load test.  
 

 
Figure 4.6. The schematic plot of the relationship between horizontal deformation 

and the number of cycles. 
 

Figure 4.7 illustrates the relationship between the number of cycles and 
horizontal deformation under the fatigue test at 70% stress level of cement- and 
cement-NRL stabilized SS:LS and RCA:LS blends at different r/c ratios. Furthermore, 
Figure 4.8 summaries the fatigue life of cement- and cement-NRL stabilized SS:LS and 
RCA:LS blends at different recycled material replacement ratios and different r/c ratios. 
For a particular type of recycled material, the fatigue life results were consistent with 
the resilient modulus results in that the cement-NRL stabilized SS:LS blends at an 
optimum ratio of 3% and RCA:LS blends at an optimum ratio of 5% indicated the 
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blends had fatigue life about 2 to 3 times higher than the cement-stabilized SS/RCA:LS 
blends. It implies that the NRL additive can improve the resilient modulus and enhance 
the fatigue life of the cement-NRL stabilized SS/RCA:LS blends under repeated loading. 
This might be attributed to the cement and blended materials matrix formed during 
the hydration process was reinforced by the NRL film formation, resulting in the 
strength development (Muhammad & Ismail, 2012). In addition, Tran et al. (2022) 
indicated that the NRL films could also fill the pore spaces between the cement and 
blended materials matrix, leading to bonding strength enhancement and porosity 
reduction. This is in agreement with the research conducted on the cement-treated 
sand by Festugato et al. (2021), in that the resilient modulus and fatigue life increased 
with the decrease of porosity of cement stabilized materials. However, beyond the 
optimum r/c ratio, the cyclic properties of cement-NRL stabilized materials were 
reduced as the excessive amount of NRL retards the cement hydration process; hence 
the decrease of cement hydration products (C-S-H) is (Buritatum et al., 2022a; Tran et 
al., 2022).  

Meanwhile, the cement-NRL stabilized SS:LS blends had higher fatigue 
life than the cement-NRL stabilized RCA:LS blends at the same replacement ratio and 
r/c ratio. For cement-stabilized SS:LS and RCA:LS blends, the fatigue life of SS:LS=70:30, 
SS:LS=50:50, RCA:LS=70:30, and RCA:LS=50:50 reached 1567, 531, 425, and 378 cycles, 
respectively. At an optimum r/c ratio of 3%, the cement-NRL stabilized SS:LS=70:30 
and SS:LS=50:50 had a fatigue life of 2865 and 1168 cycles, respectively. At an 
optimum r/c ratio of 5%, the cement-NRL stabilized RCA:LS=70:30 and RCA:LS=50:50 
had a fatigue life of 1465 and 714 cycles, respectively. Besides the influence of NRL 
additive, the engineering and physical properties of aggregates might influence the 
mechanical strength (UCS and ITS) and the resistance to the fatigue loading of cement-
NRL stabilized SS:LS and RCA:LS blends. The resistance to Los Angle abrasion, CBR, and 
flakiness index of SS were superior to those of RCA, and LS, respectively in this study, 
which is also similar to the previous finding  (Sudla et al., 2018; Tran et al., 2022). As a 
result, the cement-NRL stabilized SS/RCA:LS blends with 70% recycled material 
replacement ratio indicated high fatigue life than the samples with 50% recycled 
material replacement ratio. 
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(a) 

 
(b) 

Figure 4.7 Relationship between the number of cycles and horizontal deformation 
under fatigue test at 70% stress level: (a) cement- and cement-NRL 
stabilized SS:LS blends, (b) cement- and cement-NRL stabilized RCA:LS 
blends at different r/c ratios. 
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Figure 4.8 Fatigue life (Fn) of cement- and cement-NRL stabilized SS:LS and RCA:LS 

blends at different SS/RCA replacements and r/c ratios. 
 

Figure 4.9 demonstrates the relationship between the number of cycles 
and horizontal deformations of cement-stabilized SS/RCA:LS blends and cement-NRL 
stabilized SS:LS blends at an optimum ratio of 3% and RCA:LS blends at an optimum 
ratio of 5% under cyclic loading at 70% stress level. It is interesting to note that the 
total horizontal deformations of cement-NRL stabilized SS/RCA:LS blends at both 70% 
and 50% recycled material replacement ratios were higher than cement-stabilized 
SS/RCA:LS blends at 70% stress level. It is different from the results shown in Figure 
4.5 in that the total deformations of cement-NRL stabilized SS/RCA:LS blends at both 
70% and 50% recycled material replacement ratios at 30% stress level were lower 
than those of cement-stabilized SS/RCA:LS blends at 30% stress level. However, the 
plastic deformations of cement-NRL stabilized SS/RCA:LS blends at optimum r/c ratios 
with all recycled material replacement ratios were lower than those of cement-NRL 
stabilized SS/RCA:LS blends under both 30% and 70% stress levels. Gnanendran and 
Piratheepan (2008) reported a similar degree of plastic deformation of the cement-
stabilized soil at a 50% - 75% stress level. The accumulated plastic deformation in 
granular-based and subbase layers was found to be one of the most important causes 
of severe rutting development at the pavement surface and led to the failure of 
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pavement serviceability under cyclic traffic load (Khedr, 1985; Mohammad, Puppala, & 
Alavilli, 1994; Vollmert, 2021). This confirmed that the NRL additive crucially 
contributed to the improvement of fatigue life and reduced the permanent 
deformation of cement-stabilized recycled materials as a pavement base course under 
repeated traffic load. 

 

 
(a) 

 
(b) 

Figure 4.9 Relationship between horizontal deformations and the number of cycles 
under repeated-load at 70% stress level of cement- and cement-NRL 
stabilized SS/RCA:LS blends at optimum r/c ratio: (a) SS:LS=70:30, (b) 
SS:LS=50:50. 
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(c) 

 
(d) 

Figure 4.9 (Continued) Relationship between horizontal deformations and the number 
of cycles under repeated-load at 70% stress level of cement- and cement-
NRL stabilized SS/RCA:LS blends at optimum r/c ratio: (c) RCA:LS=70:30, and 
(d) RCA:LS=50:50. 
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implies that the additional NRL polymer additive can improve the ductility behavior of 

cement-stabilized recycled materials. Vo and Plank (2018) reported that the NRL films 

are a bridge to transfer the tensile stress to the particles and prevent sudden failure. 

The positive role of NRL in improving the brittle behavior of cement-stabilized SS:LS 

and RCA:LS under compressive loading was also proved in the previous study, in which 

the failure strain of cement-NRL stabilized samples increased with an increase of r/c 

ratio (Tran et al., 2022). 

4.3.4 Permanent deformation and fatigue model 

In general, permanent deformation is one of the essential types of 
repeated load-associated distresses (fatigue cracking and rutting) occurring in the 
pavement structure. The pavement designers and engineers concern about fatigue 
cracking and rutting effect on the lateral and longitudinal profiles at the pavement 
surface. This distress failure can reduce the pavement’s service life and significant 
safety pavement user’s concern. The pavement deformation is associated with rutting 
and fatigue cracks gradually developing with accumulated load repetitions. In addition, 
the variation of rut depth is a crucial factor affecting road roughness and serviceability. 
In recent years, the M-E pavement design guide has become a state-of-the-practice 
approach for designing and analyzing pavement structures based on the mechanistic-
empirical principles. This is because of M-E approaches determined the pavement 
responses, including stress, strains, and deformations, and applied those responses to 
determine the accumulated damage over time under the repeated load. Hence, many 
researchers carried out fatigue tests to evaluate the fatigue properties of the unbound 
and bound materials, including cement-stabilized lateritic soil and cement-stabilized 
granular and recycled aggregates (Biswal, Sahoo, & Dash, 2020a; Disfani et al., 2014; 
Jitsangiam et al., 2016b; Paul & Gnanendran, 2016; Paul et al., 2015). However, no study 
was found on fatigue characteristics of cement-NRL stabilized recycled materials, which 
is the important objective of this research. The fatigue properties test conducted to 
determine the resilient modulus, fatigue life, and permanent deformation is incredibly 
time-consuming and complicated to perform, resulting in a lack of a prediction model 
for implementation. Therefore, this research proposed those fatigue properties 
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associated with the conventional strength properties of the cement- and cement-NRL 
stabilized SS:LS and RCA:LS blends as sustainable pavement base materials. The 
following steps are involved in selecting the fatigue properties of the studied materials. 

 

 
(a) 

 
(b) 

Figure 4.10 Relationship between UCS and ITS of SS:LS (a) and RCA:LS (b) samples at 
different r/c ratios. 
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Step 1. Develop a relationship between UCS and ITS of cement- and 
cement-NRL stabilized SS:LS and RCA:LS blends at different recycled replacement 
ratios and r/c ratios (Figure 4.10). 

Step 2. The resilient modulus was performed based on the indirect 
tensile test. Hence, it is easy to determine the resilient modulus of the studied materials 
based on the resilient modulus versus ITS relationship as shown in Figure 4.11. 

 

 
(a) 

 
(b) 

Figure 4.11 Relationship between ITS and IT Mr of SS:LS (a) and RCA:LS (b) samples at 
different r/c ratios. 

IT Mr = -9588.9 ITS2 + 21397 ITS - 8143.5

R² = 0.8923

2000

2300

2600

2900

3200

3500

3800

0.70 0.75 0.80 0.85 0.90 0.95

R
es

il
ie

n
t 

m
o
d
u
lu

s,
 M

P
a

Indirect tensile strength, MPa

SS:LS=70:30
SS:LS=50:50

0%
3%

5%
10%
15%

Poly. (Overal)

IT Mr = -2753.5 ITS2 + 10516 ITS - 4065.8

R² = 0.8657

2000

2300

2600

2900

3200

0.70 0.75 0.80 0.85 0.90 0.95

R
es

il
ie

n
t 

m
o
d
u
lu

s 
(M

P
a)

Indirect tensile strength (MPa)

RCA:LS=70:30

RCA:LS=50:50

0%

3%

5%

10%

15%

Poly. (Overal)



113 

Step 3. Similar to the determination procedure of resilient modulus, the 
fatigue life of the studied materials was performed based on the indirect tensile test 
under cyclic load conditions. The predicted fatigue life of the studied materials can be 
determined from a relationship between fatigue life and resilient modulus, as depicted 
in Figure 4.12. 

 

 
(a) 

 
(b) 

Figure 4.12 Relationship between IT Mr and Fatigue life of SS:LS (a) and RCA:LS (b) 
samples at different r/c ratios. 
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Step 4. Develop a relationship between permanent deformation and 
fatigue life of the studied materials (Figure 4.13). Based on this relationship, the 
permanent deformation of the studied materials is estimated to be associated with 
the number of cycles. In other ways, the permanent deformation model can predict 
the rutting distress in the pavement base layer. 

 

 
(a) 

 
(b) 

Figure 4.13 Relationship between Fatigue life and Permanent deformation of SS:LS (a) 
and RCA:LS (b) samples at different r/c ratios. 
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4.4 Conclusions 
This research investigated the influence of NRL additive on the resilient 

modulus and fatigue properties of cement-stabilized lateritic soil with recycled 
materials (SS and RCA) replacements. Four blends included SS:LS=70:30, SS:LS=50:50, 
RCA:LS=70:30, and RCA:LS=50:50, and 5% cement content by weight were designed 
for this research. To investigate the influence of NRL additive on cement-stabilized 
SS/RCA:LS blends, the dry NRL to cement (r/c) were designed to be 0%, 3%, 5%, 10%, 
and 15%. The mechanical strength properties (UCS and ITS) and the fatigue properties 
including indirect tensile resilient modulus (IT Mr) and fatigue life of the studied 
materials under indirect tensile force were investigated. The following conclusions can 
be drawn:  

1. The r/c ratios of 3% and 5% were found to be the optimum r/c ratio for 
cement-NRL stabilized SS:LS blends and RCA:LS blends, respectively that 
produce the highest UCS, ITS, IT Mr, and fatigue life, which were higher than 
those of cement-stabilized SS:LS blends and RCA:LS blends for all recycled 
material replacement ratios. This is because the cement-blended materials 
matrix formed during the hydration process was reinforced by NRL film 
formation, resulted in a dense matrix and strength development. However, 
beyond the optimum r/c ratio, the excessive amount of NRL generated thick 
NRL films and retarded the cement hydration products, resulting in low-
strength development.  

2. Overall, the cement-NRL stabilized SS:LS blends exhibited higher mechanical 
strength properties and fatigue properties than the cement-NRL stabilized 
RCA:LS blends. In addition, for both types of recycled materials, the cement-
NRL stabilized SS/RCA:LS blends contained 70% recycled material replacement 
ratio exhibited superior mechanical strength and fatigue properties than the 
samples contained 50% recycled material replacement ratio. This is attributed 
to SS having higher mechanical and physical properties including LA abrasion, 
CBR, and flakiness index than RCA and LS, respectively. It implied that besides 
the effluence of NRL additive, the good mechanical and physical properties of 
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aggregates attribute to the mechanistic and fatigue properties of cement-NRL 
stabilized soil with recycled material replacement ratios. 

3. The relationship between the number of cycles and horizontal deformations 
under indirect tensile load repetitions demonstrated that the cement-stabilized 
SS/RCA:LS blends exhibited brittle behavior and the sudden failure occurred at 
the low number of cycles. The additional NRL additive can improve the ductility 
of cement-stabilized SS/RCA:LS blends. At the optimum r/c ratios, the cement-
NRL stabilized SS/RCA:LS blends had higher fatigue life and lower permanent 
deformation (permanent deformation) at both 30% and 70% stress levels. The 
NRL additive can lubricate the compacted particles and increase the density 
and lower permanent deformation. Furthermore, the NRL films act as the 
bridge to transfer the tensile stress to particles and prevent the sudden failure 
of cement-NRL stabilized SS/RCA:LS blends. 
The research outputs confirmed that NRL additive could improve the 

mechanistic and fatigue properties cement-stabilized soil with recycled material 
replacements, which enhance the service of the pavements under cyclic traffic loads. 
The mechanistic and fatigue models of cement- and cement-NRL stabilized soil with 
recycled material replacements are proposed and they are important for the 
pavement designers and engineers when using mechanistic-empirical (M-E) pavement 
design approach. Furthermore, it is found to be useful as the essential parameter for 
numerical modeling in M-E models. A numerical analysis based on the present 
experiment results is recommended for future study to develop the distress model, 
to predict the fatigue cracking life of the pavement structure when using cement-NRL 
stabilized recycled aggregates as the base materials.   
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CHAPTER V 

WETTING-DRYING DURABILITY PERFORMANCE OF CEMENT-
STABILIZED RECYCLED MATERIALS AND LATERITIC SOIL USING 

NATURAL RUBBER LATEX FOR SUSTAINABLE PAVEMENT 
MATERIALS 

 

5.1 Introduction 
In recent decades, greenhouse gas emissions, particularly CO2 proved to be the 

main cause of climate change (DCLG, 2006), which is an interesting subject that has 
attracted the attention of many researchers. In construction, several arguments suggest 
that the built environment is one of the largest contributors to global climate change 
concerning CO2 emissions, water consumption, landfill waste, and used raw materials 
(BERR, 2008). In addition, construction and industrial waste are becoming an 
environmental burden in many industrial cities of developed and developing countries 
around the world. With awareness and the environmental problem of waste materials, 
many governments and researchers have attempted to innovate and increase eco-
friendly solutions in solving these such materials. The usage of recyclable construction 
and industrial wastes in civil infrastructure to replace natural materials enables 
minimizing the use of quarried materials, reducing energy consumption, and decreasing 
waste and greenhouse gas emissions to the environment, driving toward sustainable 
development in construction.  

Many researchers have evaluated the potential of waste materials in partial or 
total replacement to natural material resources in construction. Especially, 
construction and demolition (C&D) materials and by-products such as reclaimed 
asphalt pavement (RAP), recycled concrete aggregate (RCA), crushed brick (CB), plastic 
polyethylene terephthalate, steel slag (SS) have been assessed to be useful to replace 
natural materials in pavement application (Busari, Adeyanju, Loto, & Ademola, 2019; 
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Huang, Bird, & Heidrich, 2007; Pereira & Vieira, 2022; Salehi, Arashpour, Kodikara, & 
Guppy, 2021). 

The materials improvement technique has also been studied worldwide to 
more effectively apply recyclable materials to satisfy the increasing demand for 
pavement quality. In which, stabilization material is being studied extensively to solve 
the issue of scarcity of good quality aggregates and enhance the performance of the 
pavement. In some countries in Southeast Asia, cement stabilized materials is one of 
the most preferred options because of its economy and performance improvement 
effectiveness (Biswal, Sahoo, & Dash, 2018; Buritatun et al., 2022a; Buritatun et al., 2020; 
Horpibulsuk, Katkan, Sirilerdwattana, & Rachan, 2006; Horpibulsuk, Rachan, 
Chinkulkijniwat, Raksachon, & Suddeepong, 2010; Sudla et al., 2019). With the cement 
addition, the calcium silicate hydrate (C-S-H), calcium aluminum hydrate (C-A-H), and 
calcium hydroxide (Ca(OH)2) are produced by the hydration reaction, which contribute 
to the bond between soil particles and fill voids in the matrix and consequently 
strengthen cement stabilized structure satisfying the requirements in the construction 
field (Walker & Stace, 1997; Xing, Yang, Xu, & Ye, 2009; Xiong, Xing, & Li, 2019). Besides 
the undeniable effectiveness of cement stabilized materials, it exhibits unfavorable 
characteristics such as shrinkage and cracking in pavement base structure due to the 
rapid moisture loss. The polymer additives application has been proven effective not 
only in enhancing the strengths but also improving the brittle behavior of pavement 
structure against the tensile and flexural stresses, which are caused by the wheel loads 
and the weather temperature (Baghini, Ismail, Naseralavi, & Firoozi, 2016; Estabragh, 
Beytolahpour, & Javadi, 2011; Jose & Kasthurba, 2020; Tingle & Santoni, 2003; Yaowarat 
et al., 2020; Yaowarat, Sudsaynate, et al., 2021; Zalnezhad & Hesami, 2020).  

Natural rubber latex (NRL) is a biopolymer of the Hevea brasiliensis tree. It is 
produced with a large amount by Southeast Asia countries in which Thailand, Vietnam, 
and Indonesia are the top three producers providing around 50% of total rubber 
production worldwide. Hence, NRL research and application as a sustainable additive 
in construction have been encouraged by governments.  The NRL applications in the 
pavement have been reported in many previous studies. Wen, Wang, Zhao, and 
Sumalee (2017) reported that the elasticity of NRL can improve the viscosity and elastic 
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recovery of asphalt binders. Muhammad and Ismail (2012) proved that an appropriate 
addition of NRL could reduce the interparticle gaps and transform the concrete 
microstructure into a relatively denser matrix, restricting the fluid flow into and within 
the modified phases and therefore curbing attack from H2SO4 and Na2SO4. Especially, 
the application of NRL in improving the reliability and performance of cement-
stabilized recycled materials and soils blends has also been proven in several studies 
(Buritatun et al., 2020; Dv, Hoy, Karntatam, Arulrajah, & Horpibulsuk, 2022; Tran et al., 
2022) by forming the rubber films and filling the pore space within the stabilized matrix, 
leading to a stronger stabilized structure. However, the performances of materials are 
improved by the appropriate amount of NRL (optimum NRL content). Beyond this 
optimum, the strength of materials tends to decrease because the excess NRL creates 
a thicker film covering the aggregate-cement matrix and retarded the hydration 
process.  The optimum NRL contents have been found to be different for diverse 
material blends and cement contents. Indeed, Buritatun et al. (2020) report that the 
highest unconfined compressive and flexural strengths of cement-NRL stabilized soil 
were obtained when 20%, 15%, and 10% NRL additive replacement of cement by 
weight for the samples with 3%, 5%, and 7% cement contents, respectively. For the 
cement stabilized recycled concrete aggregate, Dv et al. (2022) indicated that the 
optimum r/c ratios of 10%, 5%, and 5% provided the maximum unconfined 
compressive strength and tensile strength values of cement-NRL stabilized recycled 
concrete aggregate at 3%, 5%, and 7% cement contents, respectively. Cement-NRL 
stabilized recycled materials and lateritic soil blends got the highest strength at 3% 
and 5% of r/c ratios for steel slag-lateritic soil and recycled concrete aggregate-lateritic 
soil blends, respectively (Tran et al., 2022). Therefore, the NRL application in pavement 
construction should be researched for different materials. 

Though the strength in terms of unconfined compressive strength (UCS) is one 
of the fundamental parameters used to assess the suitability of stabilized materials to 
be the pavement base or subbase layer, the performance of stabilized base materials 
and thereby the pavement depends on the durability against the cyclic change of 
weather or environmental features. The durability of pavement can be defined as the 
ability of the material to retain stability and integrity over a number of years of 



127 
 

exposure to the action of weathering (Shihata & Baghdadi, 2001). The environmental 
features including freeze-thaw and wet-dry cycles are considered to be the most 
destructive actions, which damage the pavement structure (Khoury & Zaman, 2007; 
Portland Cement Association, 1992). The wet-dry cycle is considered to have a much 
more detrimental impact on the strength of pavement base structure than the freeze-
thaw cycle in tropical countries where the cycle of wet and dry seasons is one of the 
main reasons leading to cracking problems and premature stabilized pavement 
distress. Hence, durability against wetting-drying cycles of stabilization materials has 
been widely studied in recent years (Cuisinier & Masrouri, 2020; Donrak et al., 2018; 
Hoy, Rachan, Horpibulsuk, Arulrajah, & Mirzababaei, 2017; James, Sivapriya, Ali, Madhu, 
& Singh, 2021; Li & Hu, 2020; Soldo & Miletic, 2022). Most of studies results showed 
that the mechanical properties of stabilized materials decrease with the increase of 
the number of wetting-drying cycles.  

Therefore, the natural rubber latex was investigated to evaluate its 
effectiveness in the improvement of wetting-drying resistance of cement-stabilized 
lateritic soil with RCA and SS as pavement base materials. The weight loss, water 
absorption, unconfined compressive strength, and scanning electron microscopy (SEM) 
were performed. The recycled materials replacements, dry rubber-to-cement ratios, 
and wetting-drying cycles were the influence factors in this research. This research 
outcome will demonstrate the effective utilization of NRL as a natural polymer for 
pavement application. 

 

5.2 Materials and methods 
5.2.1 Materials 

To investigate the effect of natural rubber latex on the durability against 
wetting-drying cycle of cement stabilized recycled materials and lateritic soil blends, 
two of recycled materials including steel slag (SS) and recycled concrete aggregate 
(RCA) were used in this study. SS is the by-product collected from the Siam Steel Mill 
Services Co., Ltd., Chonburi province, Thailand, and RCA is the demolition concrete 
waste obtained from Nakhon Ratchasima province. Lateritic soil (LS) was excavated 
from the borrow pit in Nakhon Ratchasima province, Thailand. A series of laboratory 
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tests were undertaken to determine the grain size distribution (ASTM-D422-63) and 
engineering properties of studied aggregates, which include plasticity index (ASTM-
D4318-05), specific gravity and water absorption (ASTM-C127-15), modified compaction 
(ASTM-D1557-09), California bearing ratio (ASTM-D1883-07), Los Angeles abrasion 
(ASTM-C131/C131M-14), and flakiness index (ASTM-D4791-99).  

The grain size distribution of air-dried aggregates was determined by the 
sieve analysis method in accordance with ASTM-D422-63 (2007) and their curves are 
shown in Figure 5.1. Based on the Unified Soil Classification System (USCS) (ASTM-
D2487-06), SS and RCA were classified as GW (Well-graded gravel with sand) while LS 
was classified as GC (Clayey gravel with sand). SS or RCA would be replaced for LS at 
designed ratios of 50% and 70% to create blends (Figure 5.1) that meet the 
requirement for cement stabilized pavement base materials specified by the 
Department of Highway (DOH), Thailand, similar to AASHTO M147. 

 

 
Figure 5.1 Grain size distribution of studied mixes. 
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were the liquid limit and plastic limit of LS, respectively. The compaction behaviors of 
SS, RCA, and LS were expressed by the maximum dry density of 2700 kg/m3, 1960 
kg/m3, and 2130 kg/m3

, respectively, at the optimum water content of 6.04, 12.0, and 
8.07%. The Los Angeles (LA) abrasion resistance of studied materials is expressed by 
the LA abrasion values that were found to be 17.2, 31.0, and 34.0% for SS, RCA, and 
LS, respectively. These values show that the LA abrasion resistance of SS and RCA is 
higher than that of LS, in which, SS has the greatest LA abrasion resistance with a 
significantly lower LA abrasion value (17.2). While LA abrasion values of studied 
materials meet the maximum allowable value of 40%, California bearing ratio (CBR) 
values of SS, RCA, and LS were 58, 43, and 18%, respectively, unsatisfying the minimum 
requirement of 80% for base materials designed by DOH, Thailand. Therefore, the 
cement stabilization method was used to improve these materials as cement stabilized 
base materials following the guideline of DOH, Thailand. 

Cement and natural rubber latex (NRL) were used as a compound 
additive in this study. Portland cement type I is characterized by the 7-day and 28-day 
compressive strengths of 24.7 and 32.6 MPa, respectively, while NRL liquid consisted 
of a total solid content of 33.06, dry rubber content of 30.8, sludge content of 2.46, 
and coagulum content of 0.024 percent by weight, which is classified as the low 
category rubber latex. The specific gravity of NRL was 0.96. NRL liquid has alkalinity 
with pH = 8, which is advantageous to the cement hydration process.  

5.2.2 Sample preparation 
SS, RCA, and LS aggregates were air-dried and removed the 19mm-

coarser particles before being used in this research. SS or RCA was blended with LS at 
two different ratios of 70:30 and 50:50 to create four blends, namely SS:LS=70:30, 
SS:LS=50:50, RCA:LS=70:30, and RCA:LS=50:50. 5% cement content by weight was used 
as the chemical additive for stabilization blends. Tran et al. (2022) conducted research 
on cement-NRL stabilized SS:LS and RCA:LS at various r/c ratios and the results showed 
that the highest UCS values were found at an optimum r/c ratio of 3% for SS:LS blends 
and 5% for RCA:LS blends. Hence, the range of r/c ratio from 0% to 5% was selected 
to evaluate the durability of studied blends against wetting-drying cycles. The samples 
with 3% and 5% of r/c ratios were compared to samples with 0% of r/c ratio (without 
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NRL) to evaluate the effect of NRL on the durability of cement stabilized SS:LS and 
RCA:LS blends. 

In order to prepare samples for this research, the modified compaction 
(ASTM-D1557-12) was preconducted to obtain the optimum water content (OWC) and 
maximum dry density (MDD) of each studied blend, which were used to prepare 
mixtures for molding. The mixing procedure includes 2 stages. The first stage was mixing 
the air-dried LS and recycled materials (SS/RCA) with cement powder to create the 
homogeneous SS:LS=70:30, SS:LS=50:50, RCA:LS=70:30, and RCA:LS=50:50 blends. The 
second stage continued to mix these blends with water or water-NRL to produce the 
cement stabilized mixes or cement-NRL stabilized mixes, respectively. Mixtures were 
compacted in five layers in the steel mold under modified compaction effort (2700 
kN-m/m3) to create cylindrical samples with a diameter of 101.6 mm and a height of 
116.8 mm. Subsequently, samples were demolded after 24 hours and wrapped by 
plastic sheets. These compacted samples were cured in the humidity of 95% and 
temperature 25oC controlled room for 28 days before testing. 

5.2.3 Experimental procedures 
The durability against wetting-drying (w-d) cycles was conducted on 28-

day cured samples in accordance with ASTM (ASTM-D559-03). Three stages include 
immersing samples in temperature-controlled potable water for 5 hours, then drying 
samples in the oven at 70oC for 42 hours, and finally air-drying for 1 hour, which 
constitute a 48-hour w-d cycle (Figure 5.2). In this study, the samples were subjected 
to 15 w-d cycles. The sample weight was noted after immersing and drying stages of 
each cycle to evaluate durability in terms of percent weight loss and water absorption 
of samples due to the repeated w-d cycles. At the target w-d cycles of 1, 3, 6, 9, 12, 
and 15, the samples were immersed in deionized water for 2 hours and then air-dried 
for 1 hour for the UCS test. Each value reported in this paper is the average of three 
samples that were prepared and tested in the same condition to ensure the reliability 
of the results (ASTM-D1633-17).  

Unconfined compressive strength (UCS) is the common practice to 
determine the strength of cement stabilized soil samples from the unconfined 
compression test. UCS is considered to be the one of the most important parameters 
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in road construction and earth work applications (Yarbaşı, Kalkan, & Akbulut, 2007). In 
this study, unconfined compressive strength test was also conducted on 7-day and 28-
day samples to ensure the designed blends and additives are suitable as pavement 
base materials, which meet the minimum strength requirement specified by DOH.  

Scanning electron microscopy (SEM) was performed to clarify the 
changes in sample microstructure due to the repeated w-d cycles. SEM samples were 
collected from broken fragments after UCS test. The liquid nitrogen was applied to 
immobilize the samples for about five minutes prior to evacuation at a pressure of 0.5 

Pascal at −40 ◦C for five days. The samples were then coated with gold prior to SEM 
analysis.  

 

 
Figure 5.2 The procedure of one wetting-drying cycle. 

 

5.3 Results and discussion 
5.3.1 Unconfined compressive strength (UCS) 

The strength in term of unconfined compressive strength (UCS) is one 
of the most crucial parameters used to assess the suitability of stabilized materials to 
be the pavement base or subbase layer. The minimum unconfined compressive 
strength of the 7-day cement-stabilized sample specified in Thailand Department of 
Highways (DOH) (DH-S204/2556) is 1.724 MPa for low traffic volume roads and 2.413 
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recommended the requirement for 28-day UCS of cement stabilized sandy and gravel 
soils to be between 2.67 MPa and 6.89 MPa. 

 

 
Figure 5.3 7-day and 28-day unconfined compressive strength of cement-NRL 

stabilized SS:LS=70:30, SS:LS=50:50, RCA:LS=70:30, and RCA:LS=50:50 
samples at 0%, 3%, 5%, and 10% of r/c ratios. 

 
Figure 5.3 illustrates the 7-day and 28-day UCS results of cement-NRL 

stabilized SS:LS=70:30, SS:LS=50:50, RCA:LS=70:30, and RCA:LS=50:50 samples at the 
various r/c ratios of 0%, 3%, 5%, and 10%. The results show that the 7-day UCS of all 
cement stabilized and cement-NRL stabilized samples meet the minimum strength 
requirement specified by Thailand Department of Highway for cement-stabilized 
pavement base materials for both low and high volume traffic roads. In addition, the 
28-day UCS values of all samples are from 3.77 MPa to 5.32 MPa which satisfied the 
range between 2.67 MPa and 6.89 MPa recommended by ACI 230 (2009) and Little DN 
and S. (2009). It proved that the designed blends and additive content are suitable for 
the stabilization pavement base course. The UCS results also clearly indicate that the 
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stabilized samples with NRL (at r/c ratios of 3%, 5%, and 10%) produced higher UCS 
than stabilized samples without NRL (at r/c ratio of 0%). This is due to the rubber films 
formed by NRL addition could fill up the pore spaces and increase the interparticle 
bonding strength within the stabilization network, resulting in UCS improvement (Tran 
et al., 2022). The highest UCS values were found at r/c ratios of 3% and 5% for cement-
NRL stabilized SS:LS samples and RCA:LS samples, respectively, which proved that 3% 
and 5% are the optimum r/c ratios of cement-NRL stabilized SS:LS and RCA:LS, 
respectively. The UCS values of cement-NRL stabilized SS:LS and RCA:LS blends at 
both 70:30 and 50:50 ratios increase with curing time, which is completely similar to 
previous studies on cement stabilized materials (Barišić, Dimter, & Rukavina, 2015; 
Horpibulsuk et al., 2006; Horpibulsuk et al., 2010; Li & Hu, 2020) and cement-NRL 
stabilized materials (Buritatun et al., 2020; Dv et al., 2022).  

5.3.2 Durability against wetting-drying cycles 
The UCS, weight loss, water absorption, and microstructural change of 

samples were considered as the results of the wetting-drying test that was conducted 
on the 28-day cement-NRL stabilized SS:LS and RCA:LS samples at various r/c ratios 
(0%, 3%, and 5%) to investigate the effect of NRL on the durability of studied samples 
against wetting-drying cycles.  

Figure 5.4 presents the relationship between unconfined compressive 
strength after wetting-drying cycles (UCSw-d) versus the number of w-d cycles (NC) of 
cement-NRL stabilized SS:LS=70:30, SS:LS=50:50, RCA:LS=70:30, and RCA:LS=50:50 at 
different r/c ratios of 0%, 3%, and 5%. The results show that the UCSw-d development 
with an increase of NC was observed for all samples, up to 3 cycles and then decreased 
beyond 3 cycles. The UCSw-d remarkably increased after the first cycle and then slightly 
increased up to the third cycle prior to the decrease. This variation was found the 
same for all samples with and without NRL at both 70:30 and 50:50 ratios of SS/RCA:LS 
blends. In several previous studies, the UCSw-d development of stabilized samples in 
initial w-d cycles was found to occur simultaneously with the growth of cementitious 
products during the w-d process (Hoy et al., 2017; Sivapullaiah & Moghal, 2011). The 
main chemical compositions of LS include a high content of silica (75.51%) and alumina 
(14.28%) while SS consists of 25.47% silica and 22.24% calcium. Silica and calcium with 
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contents of 36.4% and 52.48%, respectively, were also found in RCA material (Tran et 
al., 2022). The formation of Calcium Silicate Hydrate (C-S-H) and Calcium Aluminate 
Hydrate (C-A-H) from the chemical reaction between silica and alumina with calcium 
in studied materials combined with the hydration products from Portland cement, 
which assisted in maintaining and enhancing the strength of cement stabilized and 
cement-NRL samples after several initial cycles (Du, Bo, Jin, & Liu, 2016). Furthermore, 
the composition of Portland cement includes gypsum, which essentially contributes 
to the growth of cementitious compounds during the wetting-drying process and this 
is sustainable with repeated w-d cycles (Sivapullaiah & Moghal, 2011). In the 70oC dried 
process, the temperature increase promotes the moisture diffusivity of cementitious 
materials and thus chemical reaction (Drouet, Poyet, & Torrenti, 2015; Jooss & 
Reinhardt, 2002), leading to the increment of cement hydration products (C-S-H) (Brue, 
Davy, Skoczylas, Burlion, & Bourbon, 2012). With NC >3, the UCS decrease with the 
increase of w-d cycles was noted for all cement stabilized and cement-NRL SS:LS and 
RCA:LS samples. This reduction is attributed to the Ca2+ leaching from the cement 
stabilized materials subjected to the soaking condition and the dissolution of 
Ca(OH)2/C-S-H formed in the stabilized matrix, which is indicated in previous studies 
(Du, Jiang, Shen, & Jin, 2012; Shen, Han, & Du, 2008). Moreover, the sample structure 
no longer retained its monolithicity due to the loss of moisture and the particle 
bondings gradually become looser and lose their cohesion. The crack propagation and 
extension gradually caused the crumbling, fragmenting, and splintering of samples, 
resulting in the deterioration and strength loss of samples. 

At different recycled materials (SS or RCA), it is clearly shown that the 
28-day UCS and UCSw-d produced by cement-NRL stabilized SS:LS blends were higher 
than those of cement-NRL stabilized RCA:LS blends at both 70:30 and 50:50 of 
SS/RCA:LS ratios. This was explained by the previous studies that the engineering 
properties of blends are contributed by Los Angeles abrasion resistance of materials. 
The Los Angeles abrasion of SS (17.2%) was found to be lower than that of RCA (31%) 
and LS (34%), which lead to the better mechanical properties of SS:LS blends 
compared to RCA:LS blends (Sudla et al., 2019; Tran et al., 2022). For the particular 
type of recycled material, cement-NRL stabilized SS:LS=70:30 and RCA:LS=70:30 
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expressed the higher UCSw-d than cement-NRL stabilized SS:LS=50:50 and RCA:LS=50:50 
blends, respectively. The lower Los Angeles abrasion of SS and RCA compared to LS 
could contribute to the stronger structure and thereby the higher strength for samples 
with higher SS/RCA content. 

 

 
(a) 

 
(b) 

Figure 5.4 UCS of cement-NRL stabilized (a) SS:LS blends and (b) RCA:LS blends at 
various r/c ratios and different target w-d cycles of 1, 3, 6, 9, 12, and 15. 
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Figure 5.5 UCSw-d percentage growth of cement-NRL stabilized SS:LS and RCA:LS 

samples at the 3rd and 15th w-d cycles  
 
The UCSw-d percentage growth of samples at the third and fifteenth 

cycles was presented in Figure 5.5. In which, the positive and negative values represent 
the increase and decrease of UCSw-d, respectively, compared to UCS28-day. The UCSw-d 

of cement-NRL stabilized SS:LS and RCA:LS samples at the third cycle increased 6.7% 
- 12.5% and 11.4% - 16.8%, respectively. Whereas, UCSw-d at the end of the w-d test 
was found to be reduced by 7.0% - 15.5% and 0.5% - 8.5% for cement-NRL stabilized 
SS:LS and RCA:LS, respectively. A noteworthy observation is that the UCSw-d of cement-
NRL stabilized RCA:LS samples exhibited a higher growth percentage at the third cycle 
and a lower reduction percentage at the fifteenth cycle compared to cement-NRL 
stabilized SS:LS samples. This might be attributed by the higher degree of chemical 
reaction due to the higher amount of CaO and SiO2 in RCA than in SS (Tran et al., 2022). 
The results also show that the growth percentage of UCSw-d at the third cycle was 
lower at the higher r/c ratios. This is because the NRL film retarded the cement 
hydration process, reducing the hydration products of cement stabilized samples 
(Buritatun et al., 2020; Tran et al., 2022). However, the UCSw-d reduction percentage at 
the end of the w-d test was lower for samples with higher r/c ratios. This proved that 

-20

-15

-10

-5

0

5

10

15

20

U
C

S
w

-d
p
er

ce
n
ta

g
e 

G
ro

w
th

, 
%

Dry rubber to cement (r/c) ratio

3rd w-d cycle

SS:LS=70:30

SS:LS=50:50

RCA:LS=70:30

RCA:LS=50:50

SS:LS=70:30

SS:LS=50:50

RCA:LS=70:30

RCA:LS=50:50



137 
 

the NRL films could improve the w-d subjected resistance of cement stabilized 
samples and maintain their strength under wetting-drying conditions. 

 

 
(a) 

 
(b) 

Figure 5.6 The weight loss of cement-NRL stabilized (a) SS:LS blends and (b) RCA:LS 
blends at different numbers of w-d cycles. 
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SS:LS and RCA:LS at both 70:30 and 50:50 ratios in several first cycles until NC = 4 and 
thereafter it slightly increased with the increase of NC. During the w-d process, it was 
found that the weight loss of cement-NRL SS:LS=50:50 and RCA:LS=50:50 samples were 
greater than those of cement-NRL stabilized SS:LS=70:30 and RCA:LS=70:30 samples, 
while cement-NRL stabilized SS:LS and cement-NRL stabilized RCA:LS samples 
exhibited the similar weight loss at the same recycled materials replacement ratios 
(70% or 50%). Notably, SS:LS and RCA:LS samples stabilized by cement-NRL showed 
lower weight loss than SS:LS and RCA:LS samples stabilized by only cement. 

 

 
(a) 

 
(b) 

Figure 5.7 The water absorption of cement-NRL stabilized (a) SS:LS blends and (b) 
RCA:LS blends at different numbers of w-d cycles. 
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Figure 5.7 shows the water absorption of cement-NRL SS:LS and RCA:LS 
samples during the w-d test. Cement-NRL stabilized SS:LS=70:30 blend expressed a 
lower percentage of water absorption than cement-NRL stabilized SS:LS=50:50 blend. 
The water absorption of SS was found to be smaller than that of LS, thus the increase 
in SS content would reduce the water absorption of the blend. In contrast, cement-
NRL stabilized RCA:LS=70:30 blend expressed a higher percentage of water absorption 
than cement-NRL stabilized RCA:LS=50:50 blend, which is due to RCA possessing higher 
water absorption than LS, leading to the higher potential in water absorption for the 
RCA:LS blend containing higher RCA content. 

 

 
1 cycle 

 
3 cycles 

 
15 cycles 

(a) SS:LS=70:30, r/c ratio = 0% 

 
1 cycle 

 
3 cycles 

 
15 cycles 

(b) SS:LS=70:30, r/c ratio = 3% 
Figure 5.8 Photos of cement-NRL SS:LS=70:30 samples at (a) r/c ratio of 0% and (b) r/c 

ratio of 3% at 1st, 3rd, and 15th w-d cycles. 
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1 cycle 

 
3 cycles 

 
15 cycles 

(a) RCA:LS=70:30, r/c ratio = 0% 

 
1 cycle 

 
3 cycles 

 
15 cycles 

(b) RCA:LS=70:30, r/c ratio = 5% 
Figure 5.9 Photos of cement-NRL RCA:LS=70:30 samples at (a) r/c ratio of 0% and (b) 

r/c ratio of 5% at 1st, 3rd, and 15th w-d cycles. 
 
 An important feature is observed in that the water absorption of 

cement-NRL stabilized SS/RCA:LS samples significantly decreased at the third cycle. 
This might be caused by the increase of the hydration products within the sample 
structure, leading to a denser matrix and less pore space. The water therefore hardly 
comes into the samples. However, the water absorption gradually increased due to 
the deterioration of samples after the third cycle. The results display a decline of water 
absorption when NRL additive was added for both SS:LS and RCA:LS blends at both 
70:30 and 50:50 ratios. The results also show that the cement-NRL stabilized samples 
with an r/c ratio of 5% had lower water absorption than cement-NRL stabilized samples 
with an r/c ratio of 3%. This means that the water absorption decreases with the 
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increase of NRL content (r/c ratio). This decrease might be due to the hydrophobic 
property of NRL (Jose & Kasthurba, 2020). In addition, the rubber films fill the pores 
and lock the capillary paths that water can flow inside cement-NRL stabilized structure. 
As a result, the water absorption was reduced. 

Figures 5.8 and 5.9 show the physical surface of cement-NRL stabilized 
SS:LS and RCA:LS samples, respectively, after 1, 3, and 15 w-d cycles. The photos show 
that the samples were preserved almost intact after 3 first w-d cycles. This is because 
the bonding structure within stabilized samples was still maintained or even become 
stronger due to the development of hydration products in the 3 first w-d cycles, proved 
by the increase of UCSw-d. However, at the end of the w-d test (15 cycles the cracks 
and surface deterioration were observed. Under further the effect of w-d cycles, the 
cracks gradually grow on the samples with increasing w-d cycles, leading to the UCSw-

d loss of cement-NRL stabilized samples. Notely, the cement-NRL stabilized RCA:LS 
samples were observed to be better preserved than cement-NRL stabilized SS:LS 
samples. Therefore, cement-NRL stabilized RCA:LS samples expressed a higher 
percentage of UCSw-d growth and a lower percentage of UCSw-d loss than cement-NRL 
stabilized SS:LS samples. Furthermore, cement-NRL stabilized samples show fewer 
cracks and surface deterioration than cement stabilized samples. This indicated that 
the NRL addition could enhance the structure of cement stabilized SS/RCA:LS samples 
by filling the pore spaces and cracks within the stabilized matrix to improve both 
strength and resistance of samples subjected to w-d condition. 

Samples with NRL produced higher UCS and UCSw-d and expressed 
lower weight loss and water absorption than samples without NRL during the wet-dry 
cycles process. This is because the formation of NRL films fills up the pore spaces and 
microcracks to reduce the porosity and therefore decrease the permeability of cement-
NRL stabilized structure, which was reported in previous studies on improving 
properties of cement stabilized materials, concrete, and mortar (Buritatun et al., 2020; 
Dv et al., 2022; Tran et al., 2022; Vo & Plank, 2018; Yaowarat, Suddeepong, et al., 2021).  
In other words, the presence of rubber films could reduce the water absorption of 
cement-NRL stabilized samples and possibly lessens the water amount coming inside 
the cement-NRL stabilized pavement base structure. In addition, NRL films increase 
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the interparticle bond strength and contribute to a stronger structure, resulting in a 
lower percentage of weight loss over the w-d cycles. Consequently, the UCSw-d of 
cement-NRL stabilized samples at the end of the w-d test (15 cycles) was insignificantly 
lower than that of samples unaffected by the w-d cycles. 

5.3.3 Microstructure changes 
The scanning electron microscope (SEM) was carried out to understand 

the change in the microstructure of cement stabilized and cement-NRL stabilized 
samples. Figures 5.10 and 5.11 show the SEM images of cement-NRL stabilized 
SS:LS=70:30 and cement-NRL stabilized RCA:LS=70:30, respectively.  

Figure 5.10 illustrates the development of cementitious products and 
structure change of cement-NRL stabilized SS:LS=70:30 samples at r/c ratios of 0% and 
3% after 1, 3, 6, and 15 cycles of the w-d test. The significant growth of cementitious 
products with the plenty presence of ettringite was detected for both samples with 
and without NRL at the third cycle compared to those of samples at the first cycle 
while microcracks were rarely detected in these initial cycles. This confirmed that the 
strength gain and water absorption reduction of samples during initial w-d cycles is 
due to the development of cementitious products with the support of temperature 
and water via w-d cycles. Beyond the optimum w-d cycle of 3 cycles, besides the 
reduction of cementitious products, the microcappearedearded and then propagated 
and extended to macrocracks, resulting in the weakening and strength loss of samples. 

For the cement-NRL stabilized samples, it is clear that the number of 
cracks detected in the stabilized samples with NRL (at 3% of r/c ratio) (Figure 5.11c) is 
significantly lower than in the stabilized samples without NRL (at 0% of r/c ratio) (Figure 
5.11a). Furthermore, pores and cracks of cement-NRL stabilized samples were 
infiltrated by NRL films. NRL films act as bridges to fill the pore space, micro-, and 
macrocracks, leading to the reduction of void ratio and increase of interparticle bonding 
strength inside the sample structure (Figure 5.10, 5.11d). As a result, the durability 
against wetting-drying cycles of cement-NRL stabilized samples was improved. In other 
words, NRL additive could change the microstructure of cement stabilized SS:LS and 
RCA:LS blends into a better structure and led to higher UCSw-d and lower weight loss 
and water absorption. 
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(a) Cement stabilized SS:LS=70:30 (b) Cement-NRL stabilized SS:LS=70:30 

Figure 5.10 SEM images of cement-NRL stabilized SS:LS=70:30 at (a) r/c ratio = 0% and 
(b) r/c ratio = 3% at  1st, 3rd, 6th, and 15th cycles. 
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(a) 

  
(b) 

 
(c)  

  
(d) 

Figure 5.11 SEM images of cement-NRL stabilized RCA:LS = 70:30 at (a, b) r/c ratio = 
0% and (c, d) r/c ratio = 5% after 15 number of w-d cycles. 

 

5.4 Conclusions 
This study investigated the influence of NRL additive on the durability against 

wetting-drying cycles of cement stabilized lateritic soil and recycled materials (SS/RCA) 
blends. 70% and 50% of SS/RCA were replaced for lateritic soil to create four blends 
including SS:LS=70:30, SS:LS=50:50, RCA:LS=70:30, and RCA:LS=50:50. 5% cement 
content by weight was used for all studied blends. Dry NRL to cement (r/c ratio) of 
0%, 3%, and 5% was designed to investigate the influence of NRL additive on the 
durability of cement stabilized SS:LS and RCA:LS blends. The UCS, weight loss, water 
absorption, and microstructural change were considered as the results of the wetting-
drying test. The following conclusion can be drawn: 

1. The UCSw-d development with an increase in the number of wetting-drying 
cycles was observed for all samples, up to 3 cycles and then decreased beyond 
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3 cycles. UCSw-d of cement-NRL SS:LS=70:30 and RCA:LS=70:30 was found to 
be higher than that of cement-NRL stabilized SS:LS=50:50 and RCA:LS=50:50, 
respectively, while cement-NRL stabilized of SS:LS blends produced higher UCSw-

d than cement-NRL stabilized RCA:LS blends. At different r/c ratios, cement-NRL 
stabilized SS:LS blends with r/c ratio of 3% expressed the highest value of UCSw-

d while the highest UCSw-d value of cement-NRL stabilized RCA:LS blends was 
found at r/c ratio of 5%. 

2. Samples with NRL produced higher UCS and UCSw-d and expressed lower weight 
loss and water absorption than samples without NRL during the wet-dry cycles 
test process. The NRL addition could improve the crack resistance of cement-
NRL stabilized samples under the effect of wetting-drying cycles, leading to 
fewer cracks observed in cement-NRL samples compared to cement stabilized 
samples. This is because the formation of NRL films fills up the pore spaces 
and microcracks to reduce the porosity and therefore decrease the water 
absorption of cement-NRL stabilized samples. In addition, NRL films also 
increase the interparticle bond strength and contribute to a stronger structure, 
resulting in a lower percentage of weight loss over the w-d cycles.  

3. The UCSw-d development of cement-NRL stabilized samples occur 
simultaneously with the growth of cementitious products during the w-d 
process. The scanning electron microscope results showed that the significant 
growth of cementitious products was detected for both samples with and 
without NRL at the third cycle compared to those of samples at the first cycle 
while microcracks were rarely detected in these initial cycles. After 3 cycles, 
the decrease of cementitious products and increase of microcracks and thereby 
macrocracks caused the reduction in UCSw-d of cement-NRL stabilized samples. 
The presence of NRL films was found in pores and cracks of cement-NRL 
stabilized structure decreased the void ratio and enhanced the interparticle 
bonding strength, leading to higher strength, and a lower percentage of weight 
loss and water absorption of cement-NRL stabilized samples than those of 
cement stabilized samples. 
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The research outcomes demonstrated that NRL additive could be used in the 
pavement base application to enhance the durability of cement stabilized recycled 
materials and lateritic soil, which improves the service of base course and thereby 
pavement under the effect of wetting-drying cycles.  
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 
 

6.1 Summary and conclusions 
In recent decades, the tendential approach in construction is increasing the use 

of industrial and construction waste materials to contribute to the reduction of their 
environmental impact and to solve the scarcity of natural materials. This research was 
performed on the use of steel slag (SS) and recycled concrete aggregate (RCA) as the 
replaced materials for natural lateritic soil (LS) with the effort of motivating the 
application of waste materials in construction, especially in pavement construction. 
Furthermore, improvement techniques of cement and natural rubber latex 
stabilization were also included in this research to reduce the unfavorable properties 
and improve the performance of materials, which is the main objective of this research. 
To reach this objective, an laboratory investigation of cement-stabilized recycled 
materials and lateritic soil blends was conducted. SS/RCA-to-LS ratios of 70:30 and 
50:50, 5% cement by weight of dry materials, and Dry NRL-to-cement ratios of 0%, 3%, 
5%, 10%, and 15% were considered as influent factors that affect the mechanical and 
microstructure, fatigue properties, and durability against wetting-drying cycles of 
cement-stabilized lateritic soil. 

The thesis comprises three major research objectives. The first is to investigate 
the influence of recycled materials replacement and NRL on the mechanical properties 
and microstructure of cement-stabilized lateritic soil for pavement applications. The 
compressive and tensile strengths were evaluated as the criteria to assess the suitable 
materials to be the pavement base materials. Microstructure and chemical 
components of cement-NRL stabilized recycled and lateritic soil blends were 
determined by microstructural analyses including scanning electron microscope and 
X-ray diffraction. The SS-to-LS ratio, RCA-to-LS ratio, and r/c ratio were the influent 
factors that affect the microstructural and properties change of cement-NRL stabilized 
SS:LS and RCA:LS blends. Secondly, the influence of natural rubber latex on the 
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resilient modulus and fatigue properties of cement-stabilized SS:LS and RCA:LS blends 
at different recycled materials replacement ratios were evaluated. Finally, durability 
against the wetting-drying cycles of cement-NRL stabilized recycled materials and 
lateritic soil blends were performed under the effect of recycled materials 
replacement and NRL contents (r/c ratios). The unconfined compressive strength after 
target cycles, water absorption, weight loss, and microstructural change of cement-NRL 
stabilized recycled materials and lateritic soil samples were considered as the results 
of this stage. The conclusions can be drawn as follow: 

 
Chapter 3: Improved mechanical and microstructure of cement-stabilized 

lateritic soil using recycled materials replacement and natural rubber latex for 
pavement applications.  

This research aims to study the influence of NRL on the strength development 
of cement-stabilized lateritic soil (LS) and recycled aggregate blends as a sustainable 
pavement base. The r/ c ratio was found to be a significant effect on the 
compactability, unconfined compressive strength (UCS), and indirect tensile (ITS) of 
cement-stabilized SS:LS and RCA:LS blends. The microstructural analyses using 
scanning electron microscopy and X-ray diffraction indicated that the degree of cement 
hydration of cement-NRL stabilized SS/RCA:LS blends decreased with increasing NRL 
content due to the retardation of thicker NRL films. However, at the optimum r/c ratio, 
the coexistence between cement hydration products and NRL films can reduce the 
pore space and enhance the interparticle bond strength, resulting in UCS and ITS 
development of cement-NRL stabilized blends. Although the optimum r/c ratio 
indicating the maximum UCS and ITS of cement-NRL stabilized SS:LS and RCA:LS 
samples were found to be different, the percent improvement by NRL is practically 
the same. The r/c ratio is a dominant factor affecting the interparticle bond strength, 
hence the relationship between UCS and ITS was developed, which is cost-effective 
and time-saving for geotechnical and pavement engineering design.  

Chapter 4: Improved fatigue properties of cement-stabilized recycled 
materials-lateritic soil using natural rubber latex for sustainable pavement 
applications. 
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This study investigates the role of a new recycled pavement material and 
natural rubber latex (NRL), in improving the resilient and fatigue performances of 
cement-stabilized recycled materials and lateritic soil (LS) blends under traffic loads. 
The results indicated that mechanical strength properties namely unconfined 
compressive strength (UCS) and indirect tensile test (ITS), as well as fatigue properties 
namely indirect tensile resilient modulus (IT Mr) and indirect tensile fatigue (ITF) were 
enhanced with the NRL additive. Beyond the optimum r/c ratio, the excessive amount 
of NRL generated thick NRL films and retarded the cement hydration products, 
resulting in low strength and performance improvement. The r/c ratios of 3% and 5% 
were found to be the optimum r/c ratios for cement-NRL stabilized SS:LS and RCA:LS 
blends, respectively. The brittleness and permanent deformation of cement-stabilized 
SS/RCA:LS blends were significantly improved by the NRL additive. The superior 
mechanical and physical properties of SS and RCA were also attributed to the 
enhancement of fatigue characteristics of the cement-NRL stabilized blends. Finally, 
the mechanistic and fatigue models of cement- and cement-NRL stabilized soil with 
recycled material replacements were proposed, which are important for pavement 
designers and engineers when using a mechanistic-empirical pavement design 
approach. 

Chapter 5: Durability against wetting-drying cycles of cement-stabilized 
recycled materials and lateritic soil blends using natural rubber latex for 
pavement applications 

An investigation was conducted in this research to assess the role of natural 
rubber latex (NRL) in improving the durability of cement-stabilized lateritic soil and 
recycled materials blends against wetting-drying cycles. The unconfined compressive 
strength after target wetting-drying cycles (UCSw-d), weight loss, water absorption, and 
microstructural change were considered as the results of the w-d cycles test to 
evaluate the influence of NRL on the durability of cement stabilized SS:LS and RCA:LS 
blends. The results indicated that the presence of NRL films infiltrates pores and cracks 
of cement-stabilized structures, resulting in increased UCSw-d and decreased weight loss 
and water absorption. It is noted that the UCS of cement-NRL stabilized studied blends 
increase with the increase of initial w-d cycles, up to 3 cycles prior to a decrease after 
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that. The scanning electron microscope (SEM) results showed that plenty of hydration 
products were detected in the samples at the third cycle. However, hydration products 
gradually decreased and micro- and macro-cracks increasingly appeared with the 
increase of w-d cycles after 3 cycles. These confirmed the variation of UCS, weight 
loss, and water absorption results during the w-d cycles test.  
 

6.2 Recommendation for future works  
The result of this research is a demonstration of the effective usage of natural 

rubber latex and recycled materials in sustainable pavement applications. However, 
to intensify the reliability of the NRL and recycled materials applications, several 
concerned works related to pavement base performance should be continuously 
studied: 

- NRL has demonstrated its effectiveness in improving the performance of 
cement-stabilized SS/RCA and LS blends as pavement materials, other recycled 
materials such as reclaimed asphalt pavement and crushed brick should be considered 
for further study. 

- Mechanical properties including compressive strength and flexural strength 
as well as durability against wetting-drying cycles and freeze-thaw cycles, and thermal 
testing should be comprehensively investigated for practical applications of cement-
NRL stabilization. 

- In this study, the durability against wetting-drying cycles was investigated on 
only unconfined compressive strength. The influence of wet-dry cycles on tensile 
strength under static and dynamic loading conditions of cement-NRL stabilized soil 
should be considered for further work. 

- This finding demonstrated the effectiveness of NRL in improving the fatigue 
properties of cement-stabilized studied materials under indirect cyclic loading. The 
behavior including resilient modulus and fatigue life of cement-NRL stabilized materials 
under repeated loading triaxial condition is necessary to investigate for further 
reliability of research. 

- The mechanistic test results in this research are essential for predicting the 
fatigue cracking life of the cement-NRL stabilized recycled aggregates based on the 
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mechanistic-empirical (M-E) design method. Therefore, a numerical analysis based on 
the present experimental results is recommended for future studies to develop the 
distress model, and to predict the fatigue cracking life of the pavement structure when 
using cement-NRL stabilized recycled aggregates as the base materials. 

- Environmental impact and economic consideration of road construction 
projects as well as recycled materials applications should be evaluated. 
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