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I 

Summary 

Expansive soils are amongst the most significant, widespread, costly, and least publicized 

geologic hazards. Where exposed to seasonal environments, such soils exhibit significant 

volume changes as well as desiccation–induced cracking, thereby bringing forth instability 

concerns to the overlying structures and hence incurring large amounts of maintenance costs. 

Consequently, expansive soils demand engineering solutions to alleviate the associated socio–

economic impacts on human life. Common solutions to counteract the adversities associated 

with problematic soils include soil replacement and/or soil stabilization. The latter refers to any 

chemical, mechanical or combined chemical–mechanical practice of altering the soil fabric to 

meet the intended engineering criteria. Though proven effective, conventional stabilization 

schemes often suffer from sustainability issues related to high manufacturing and/or 

transportation costs, and environmental concerns due to greenhouse gas emissions. The 

transition towards sustainable stabilization necessitates reusing solid wastes and/or industrial 

by–products as part of the infrastructure system, and more specifically as replacements for 

conventional stabilization agents such as cement, lime, geogrids and synthetic fibers. Among 

others, discarded tires constitute for one of the largest volumes of disposals throughout the 

world, and as such, demand further attention. Given the high–volume generation (and disposal) 

of waste tire rubbers every year throughout the world, a major concern hitherto has been the 

space required for storing and transporting such waste materials, and the resulting health 

hazards and costs. Those characteristics which make waste tire rubbers such a problem while 

being landfilled, make them one of the most reusable waste materials for engineering 

applications such as soil stabilization, as the rubber is resilient, lightweight and skin–resistive. 

Beneficial reuse of recycled tire rubbers for stabilization of expansive soils would not only 

address the geotechnical–related issue, but would also encourage recycling, mitigate the burden 

on the environment and assist with waste management. 

The present study intends to examine the rubber’s capacity of ameliorating the inferior 

engineering characteristics of expansive soils, thereby solving two widespread hazards with one 

solution. Two rubber types of fine and coarse categories, i.e. rubber crumbs/powder and rubber 

buffings, were each examined at various rubber contents (by weight). The experimental 

program consisted of consistency limits, standard Proctor compaction, oedometer swell–
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shrink/consolidation, soil reactivity (or shrink–swell index), cyclic wetting–drying, cracking 

intensity, unconfined compression (UC), split tensile (ST), direct shear (DS) and scanning 

electron microscopy (SEM) tests. Improvement in the swell–shrink/consolidation capacity, 

cracking intensity and shear strength (DS test) were all in favor of both a higher rubber content 

and a larger rubber size. However, rubber contents greater than 10% (by weight) often raised 

failure concerns when subjected to compression (UC test) and/or tension (ST test), which was 

attributed to the clustering of rubber particles under non–confinement testing conditions. 

Although the rubber of coarser category slightly outperformed the finer rubber, the effect of 

larger rubber size was mainly translated into higher ductility, lower stiffness and higher energy 

adsorption capacity rather than peak strength improvements. The volume change properties 

were cross–checked with the strength–related characteristics to arrive at the optimum rubber 

content. A rubber inclusion of 10%, preferably the rubber of coarser category, satisfied a 

notable decrease in the swell–shrink/consolidation capacity as well as improving the strength–

related features, and thus was deemed as the optimum choice. Based on the experimental 

results, along with the SEM findings, the soil–rubber amending mechanisms were discussed in 

three aspects: i) increase in non–expansive fraction; ii) frictional resistance generated as a result 

of soil–rubber contact; and iii) mechanical interlocking of rubber particles and soil grains. 

A series of empirical models were suggested to quantify the compaction characteristics of soil–

rubber mixtures as a function of their consistency limits. Moreover, the dimensional analysis 

concept was extended to the soil–rubber shear strength problem, thereby leading to the 

development of a series of practical dimensional models capable of simulating the shear stress–

horizontal displacement response as a function of normal stress (or confinement) and the 

composite’s basic index properties, i.e. rubber content, specific surface area and initial 

placement (or compaction) condition. The predictive capacity of the proposed empirical and 

dimensional models was examined and further validated by statistical techniques. The proposed 

empirical and dimensional models contain a limited number of fitting/model parameters, which 

can be calibrated by minimal experimental effort as well as simple explicit calculations, and 

thus implemented for preliminary assessments (or predictive purposes). 

To justify the use of higher rubber contents in practice, a sustainable polymer agent, namely 

Polyacrylamide (PAM) of anionic character, was introduced as the binder. A series of additional 

tests were then carried out to examine the combined capacity of rubber inclusion and PAM 

treatment in solving the swelling problem of South Australian expansive soils. As a result of 

PAM treatment, the connection interface between the rubber particles and the clay matrices 
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were markedly improved, which in turn led to lower swelling/shrinkage properties, higher 

resistance to cyclic wetting–drying, and reduced tendency for cracking compared to that of the 

conventional soil–rubber blend. A rubber inclusion of 20%, paired with 0.2 g/l PAM, was 

suggested to effectively stabilize South Australian expansive soils. 

Keywords: Expansive soil; Sustainable stabilization; Waste tire rubber; Rubber content and 

size; Swell–shrink/consolidation; Cyclic wetting–drying; Cracking intensity; 

Shear strength; Dimensional analysis; Polyacrylamide. 
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Chapter 1 

Thesis Overview 

1. Problem Statement 

Expansive soils are amongst the most significant, widespread, costly, and least publicized 

geologic hazards. Such soils are characterized as poor–quality construction materials, owing to 

their inferior engineering characteristics including high moisture susceptibility (and plasticity), 

low strength (and bearing capacity) and high compressibility. A notable fraction of the 

expansive soil is constituted of active smectite minerals, such as montmorillonite, which 

exhibits significant swell–shrink volume changes (as well as desiccation–induced cracking) 

upon the addition or removal of water. Such actions bring forth major instability concerns to 

the overlying structures, thereby resulting in large amounts of maintenance costs. In a typical 

year, expansive soils can cause a greater financial loss to property owners than earthquakes, 

floods, hurricanes and tornadoes combined (Nelson and Miller 1992). Over the past decade, the 

adverse effects of expansive soils have cost the UK’s economy an estimated £3 billion, thus 

making it the most damaging geohazard in the UK today (Jones and Jefferson 2012). In the 

USA, for instance, the estimated damage to structures founded on expansive soils has been 

reported to exceed $13 billion per annum (Dunham-Friel and Carraro 2011). Similar trends 

have also been reported in Australia where a notable fraction of surface soils, particularly in 

South Australia and Victoria, are of high expansive nature. Consequently, expansive soils 

demand engineering solutions to alleviate the adverse socio–economic impacts on human life. 

Common solutions to counteract the adversities associated with expansive soils include soil 

replacement and/or attempting to improve the low–graded expansive soil by means of 

stabilization techniques. The former involves substituting a portion of the expansive soil with 

desired quarried materials (or aggregates) possessing minimal swell–shrink tendency. The latter 

refers to any chemical, mechanical or combined chemical–mechanical practice of altering the 

expansive soil fabric to meet the intended engineering criteria. In general, soil stabilization is 

preferred, since the soil replacement technique is often impractical due to haul distances and 
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economic considerations. The chemical stabilization scheme makes use of chemical binders, 

e.g. cement, lime, fly ash, polymers and sulfonated oils, which initiate a series of short– and 

long–term chemical reactions in the soil–binder medium, thereby amending the soil fabric into 

a coherent matrix of improved mechanical performance. Conventional cementitious agents such 

as cement and lime, though proven effective, encounter a series of concerning disadvantages: 

i) reduction in material workability (or ductility); ii) low durability against local environmental 

conditions (e.g. organic matter, sulfates, cyclic wetting–drying and acidic/alkaline flows); iii) 

high transportation costs; and iv) environmental concerns due to greenhouse gas emissions. 

Mechanical stabilization often involves the placement of random or systematically–engineered 

reinforcements in the soil regime, e.g. synthetic/natural fibers and geogrids, thereby 

engendering a spatial three–dimensional reinforcement network in favor of 

weaving/interlocking the soil grains into a unitary mass of restricted swell–shrink movements. 

Such products, while prevailing the environmental concerns raised with chemical techniques, 

suffer from other disadvantages: i) the lack of standardized laboratory test methods for effective 

prediction of field performance; ii) high manufacturing costs associated with synthetic fibers 

and geogrids; iii) biodegradability of natural fibers; and iv) availability issues (or limited stock) 

in some sites. Quite clearly, conventional chemical and mechanical stabilization practices suffer 

from a sustainability point of view. A sustainable stabilization scheme can be characterized as 

one that maintains a perfect balance between infrastructure performance and the social, 

economic and ecological processes required to maintain human equity, diversity, and the 

functionality of natural systems. Therefore, alternate stabilization techniques capable of 

replacing or minimizing the need for such conventional practices have been highly encouraged. 

Solid waste materials are bulky in nature, owing to their low weight–to–volume ratio, and thus 

consume valuable landfill space upon disposal. To minimize the need for landfilling, local 

communities and governmental agencies have been increasingly encouraged to recycle and 

hence reuse such materials as part of the infrastructure system. As of late, many developed and 

developing countries have initiated the transition towards ‘sustainable infrastructure’, a concept 

which encourages the replacement of conventional quarried/stabilization materials with solid 

wastes and/or industrial by–products (e.g. waste tire rubbers, waste textiles/fibers, demolition 

wastes, kiln dusts and silicate/calcium chloride geopolymers), thereby conserving natural 

resources as well as reducing the level of greenhouse gas emissions. In this context, a number 

of research works have suggested innovative and environmentally sound solutions targeting the 

application of such materials in various civil engineering projects such as pavement 
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construction, soil stabilization, concrete manufacturing and thermal insulations. Beneficial 

reuse of waste resources not only intends to enhance infrastructure performance, but also 

encourages recycling, mitigates the burden (or hazard) on the environment and assists waste 

management by preventing the accumulation of bulky waste materials which are normally 

stored or landfilled without proper utilization. As such, any attempt to assimilate waste 

resources as part of the infrastructure system is at the forefront of many researchers and 

governmental authorities. 

Among others, discarded tires constitute for one of the largest volumes of disposals throughout 

the world, and as such, demand further attention. Such materials are amongst the most 

problematic sources of solid waste, owing to extensive production and their durability over 

time. In Australia, for instance, it has been estimated that 0.5 million tons of waste tires are 

generated per annum (Li et al. 2018). A major challenge has therefore been the space required 

for storing and transporting such waste materials, and the resulting health hazards and costs. 

Quite clearly, discarded tires are not desired at landfills, due to their low weight–to–volume 

ratio, durability and resilient behavior, which prevents them from being ‘flat–packed’. Those 

characteristics which make waste tires such a problem while being landfilled, make them one 

of the most reusable waste materials for soil stabilization and the construction of sustainable 

earth backfills, thereby serving a variety of infrastructure needs, e.g. embankments, retaining 

walls and bridge abutments. Similar to fiber–reinforced soils, the rubber assemblage randomly 

distributes in the soil regime, and due to its rough surface texture, elastic character and low 

water adsorption capacity, could engender a spatial three–dimensional reinforcement network 

in favor of weaving/interlocking the soil grains into a coherent matrix of induced strength, 

improved ductility and deduced heave/settlement, thereby enhancing the integrity and stability 

of the infrastructure. 

The advantages of soil–rubber composites in engineering performance, which conventional soil 

earth fills rarely exhibit, could favorably promote sustainability of the infrastructure system. 

However, before the technology can be deployed more research is urgently required. To 

complement a further step towards sustainability, the present study intends to examine the 

rubber’s capacity of ameliorating the inferior engineering characteristics of expansive soils, 

thereby attempting to solve two widespread hazards (i.e. the expansive soil problem and the tire 

rubber disposal problem) with one solution. 
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2. Research Gaps 

The use of recycled tire rubbers in geotechnical practice dates back to the early 1990s, where 

theoretical concepts governing the performance of soil–rubber blends were put into perspective. 

It was noted that similar to fiber–reinforced soils, the rubber assemblage randomly distributes 

in the soil regime, and when optimized in content and geometry, alters the soil fabric by 

amending the bonding along the interface (or contact) between the soil and the reinforcement, 

thereby enhancing the integrity and stability of the low–graded host soil. The literature from 

this era, however, was mainly focused on coarse–grained soils, and as such, the rubber’s 

potential in amending the inferior engineering characteristics of expansive soils remained rather 

vague. To this date, the available research on rubberized expansive soils remains rather limited, 

as the majority of literature sources have mainly emphasized on coarse–grained soils and in 

some cases low plasticity clays. Based on the comprehensive literature review, which will be 

presented as part of the introductory sections of the subsequent chapters, the following research 

gaps were identified (and hence addressed) in the present study: 

1) A review of the literature indicates a rather common emphasis on the application of 

coarse–grained tire rubber material in the form of fibers, shreds and aggregates. Such 

materials, however, would be associated with implementation difficulties when dealing 

with cohesive clay soils (e.g. mixing difficulties and hence non–uniform distribution of 

rubber particles in the soil regime). As such, less regarded types of recycled tires, such as 

rubber crumbs/powder and rubber buffings, take the advantage of better workability, and 

thus demand further investigation. Quite clearly, a vital step towards the production and 

placement of suitable soil–rubber earth fills is compaction. In this context, the maximum 

dry unit weight has been reported to decrease with increase in rubber content, while the 

reported trends for optimum water content still remain rather inconsistent. In comparison, 

limited studies have been conducted on the consistency limits, the results of which have 

yet been systematically correlated with other geotechnical properties such as the 

compaction characteristics. With the soil–rubber blend gaining ground as a viable 

geomaterial in practice, the need for an efficient and simple tool to adequately predict its 

performance, in terms of compaction, arises as an inevitable necessity. If developed, such 

a predictive toolbox would aid the practicing engineer to arrive at reliable soil–rubber 

design choices without the hurdles of conducting time–consuming laboratory compaction 

tests. Though numerous attempts have been made to correlate the compaction 
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characteristics with the consistency limits for natural fine–grained soils, such correlative 

models have yet been developed for rubber mixed soils. 

2) The mechanical response of rubber–reinforced soils is primarily a function of rubber 

content, i.e. rubber–to–dry soil weight ratio. However, the rubber’s geometrical 

properties, mainly defined in terms of the rubber’s mean particle size, may also portray an 

equally important role in yielding an effective stabilization scheme. The latter is expected 

to be somewhat similar to that of aspect ratio (or fiber length) in fiber–reinforced soils, 

which has been well documented in the fiber reinforcement literature. With rubbers, 

however, this aspect has not yet been adequately addressed in the literature, in what can 

describe the rubber reinforcement technique as an ad hoc stabilization solution demanding 

further examination. It is therefore essential to systematically investigate the effect of 

rubber size/shape on common geotechnical properties relevant to expansive clay soils, e.g. 

swell–shrink/consolidation properties, cracking intensity, strength–related features and 

micro–structure (or fabric) evolution. 

3) With the soil–rubber composite gaining ground as a viable geomaterial in practice, the 

need for an efficient and simple tool to adequately predict its short–term performance 

under field conditions, in terms of shear strength, arises as an inevitable necessity. Such a 

predictive toolbox, if developed, would aid the geotechnical engineer to arrive at reliable 

soil–rubber design choices without the hurdles of conducting time–consuming 

experimental tests. In this context, a limited number of discrete element models have been 

proposed, which adequately simulate the interfacial shear strength of rubber–reinforced 

sands. These studies gained insight into the inter–particle interactions, and demonstrated 

the role of rubber particles in changing the material fabrics and the material stiffness. 

Moreover, the use of artificial intelligence, e.g. neural networks, fuzzy logic systems and 

combined neuro–fuzzy approaches, has also shown great promise in describing/simulating 

the sand–rubber interactions. To the author’s knowledge, there have been no attempts to 

extend the current numerical or constitutive literature to the clay–rubber shear strength 

problem. Nonetheless, such models, even if developed for the clay–rubber interface, 

would most certainly suffer from long–lasting and sophisticated calibration procedures, 

thus leading to impractical frameworks which are not trivial to implement for practicing 

engineers. It has been the author’s experience that the dimensional analysis concept well 

provides a feasible path towards the development of physically meaningful models 

capable of efficiently estimating strength–related parameters of stabilized soil mixtures as 
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a function of the mixture’s index properties. Given the absence of such models for the 

soil–rubber composite, any attempt in this context would be highly welcome. 

4) Seasonal fluctuations, defined as alternate periods of rainfall and drought (or cyclic 

wetting–drying), lead to the reconstruction of the soil micro–structure, which in turn alters 

the volume change behavior of the expansive soil. Consequently, arriving at reliable 

solutions capable of counteracting the adversities associated with expansive soils demands 

a further examination of the introduced stabilization scheme under the cyclic wetting–

drying action. The cyclic wetting–drying behavior of natural expansive soils has been well 

documented in the literature. In comparison, the number of documented studies addressing 

the cyclic wetting–drying behavior of stabilized expansive soils are limited, most of which 

have been carried out in the context of chemical stabilization by means of cementitious 

and polymeric agents. To the author’s knowledge, however, the cyclic wetting–drying 

behavior of rubber mixed expansive soils remains undetermined. 

5) Previous testing conducted in South Australia indicates that the majority of soils in the 

state are expansive clays. The predominant soils are Hindmarsh and Keswick clays, which 

are abundantly found in high–population commercial and residential areas. When exposed 

to South Australia’s Mediterranean climate, such soils are prone to significant volume 

changes, i.e. heave and settlements, which bring forth instability concerns to the overlying 

structures. These concerns have incurred significant maintenance costs, and thus demand 

engineering solutions to alleviate the associated socio–economic impacts. As the South 

Australian government shifts towards a more sustainable mindset, stabilization by means 

of recycled tire rubbers would be a highly welcome approach in this context. To the 

author’s knowledge, however, no systematic study has been carried out to investigate the 

rubber’s potential in mitigating the swelling problem of South Australian expansive soils. 

Moreover, the use of recycled tire rubbers alongside other emerging sustainable/green 

stabilization materials, such as polymeric agents, has yet been investigated with reference 

to real–life geotechnical problems (e.g. South Australia’s expansive soil problem), and 

thus demands further examination. 

3. Research Objectives and Thesis Layout 

The present thesis consists of eight chapters and is in the format of a thesis by publication. 

The current chapter, Chapter 1, provides an introductory grounding to this research, and 
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includes topics such as problem statement, research gaps, research objectives, thesis layout and 

concluding remarks. Chapters 2 to 8 include seven published, accepted or submitted journal 

papers, which intend to address the five research gaps outlined in the previous section. A brief 

description of Chapters 2 to 8 is provided in the following: 

• Chapter 2 includes a published journal paper entitled “ Consistency Limits and Compaction 

Characteristics of Clay Soils Containing Rubber Waste ”, which intends to address 

Research Gap #1 (see Section 2). The details of this publication are as follows: 

Soltani A, Deng A, Taheri A and Sridharan A (2018) Consistency Limits and Compaction 

Characteristics of Clay Soils Containing Rubber Waste. Proceedings of the Institution of Civil 

Engineers–Geotechnical Engineering x(x): x–x, https://doi.org/10.1680/jgeen.18.00042. 

• Chapter 3 includes a published journal paper entitled “ Swell–Shrink–Consolidation 

Behavior of Rubber–Reinforced Expansive Soils ”, which intends to address Research Gap 

#2 (see Section 2). The details of this publication are as follows: 

Soltani A, Deng A, Taheri A and Sridharan A (2019) Swell–Shrink–Consolidation Behavior of Rubber–

Reinforced Expansive Soils. Geotechnical Testing Journal 42(3): x–x, 

https://doi.org/10.1520/gtj20170313. 

• Chapter 4 includes a submitted journal paper entitled “ Tire Rubber–Reinforced Expansive 

Soils: Two Hazards, One Solution? ”, which intends to address those aspects of Research 

Gap #2 (see Section 2) which were not discussed in Chapter 3. The details of this 

publication are as follows: 

Soltani A, Taheri A, Deng A and Nikraz H (2018) Tire Rubber–Reinforced Expansive Soils: Two 

Hazards, One Solution?. Proceedings of the Institution of Civil Engineers–Construction Materials 

x(x): x–x, http://doi.org/x.1 

                                                 
1Under Review [submitted on 29 September 2018]. 

https://doi.org/10.1680/jgeen.18.00042
https://doi.org/10.1520/gtj20170313
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• Chapter 5 includes a submitted journal paper entitled “ Interfacial Shear Strength of 

Rubber–Reinforced Clays: A Dimensional Analysis Perspective ”, which intends to address 

Research Gap #3 (see Section 2). The details of this publication are as follows: 

Soltani A, Deng A, Taheri A, Mirzababaei M and Nikraz H (2018) Interfacial Shear Strength of Rubber–

Reinforced Clays: A Dimensional Analysis Perspective. Geosynthetics International x(x): x–x, 

http://doi.org/x.2 

• Chapter 6 entitled “ California Bearing Ratio of Tire Crumbles–Fly Ash Mixed with Clay: 

A Dimensional Analysis Perspective ” includes an accepted discussion paper, which intends 

to provide further verification for the novel dimensional analysis technique introduced in 

Chapter 5. The details of this publication are as follows: 

Soltani A and Mirzababaei M (2018) Comment on “Compaction and Strength Behavior of Tire 

Crumbles–Fly Ash Mixed with Clay” by A. Priyadarshee, A. Kumar, D. Gupta, and P. Pushkarna. 

Journal of Materials in Civil Engineering x(x): x–x, https://doi.org/x.3 

• Chapter 7 includes an unsubmitted journal paper entitled “ Swell–Shrink Behavior of 

Rubberized Expansive Soils During Alternate Wetting and Drying ”, which intends to 

address Research Gap #4 (see Section 2). The details of this publication are as follows: 

Soltani A, Deng A, Taheri A, Mirzababaei M and Vanapalli SK (2018) Swell–Shrink Behavior of 

Rubberized Expansive Clays During Alternate Wetting and Drying. x x(x): x–x, https://doi.org/x.4 

• Chapter 8 includes a published journal paper entitled “ Rubber Powder–Polymer Combined 

Stabilization of South Australian Expansive Soils ”, which intends to address Research Gap 

#5 (see Section 2). The details of this publication are as follows: 

                                                 
2Under Review [submitted in revised form on 13 July 2018]. 
3In Press [accepted on 11 May 2018]. 
4Target Journals: Journal of Geotechnical and Geoenvironmental Engineering [Link], Geotechnical Testing 

Journal [Link], Geotextiles and Geomembranes [Link], Geosynthetics International [Link], Proceedings of the 

Institution of Civil Engineers–Ground Improvement [Link] 

https://ascelibrary.org/journal/jggefk
https://www.astm.org/DIGITAL_LIBRARY/JOURNALS/GEOTECH/index.html
https://www.journals.elsevier.com/geotextiles-and-geomembranes
https://www.icevirtuallibrary.com/toc/jgein/current
https://www.icevirtuallibrary.com/toc/jgrim/current
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Soltani A, Deng A, Taheri A and Mirzababaei M (2018) Rubber Powder–Polymer Combined 

Stabilization of South Australian Expansive Soils. Geosynthetics International 25(3): 304–321, 

http://doi.org/10.1680/jgein.18.00009. 

4. Additional Publications 

The following is a list of additional published and/or submitted journal papers compiled during 

the author’s candidature at the University of Adelaide, most of which address topics closely 

related to that of the present PhD thesis: 

Soltani A, Taheri A, Deng A and Azimi M (2019) A Note on Determination of the Preconsolidation 

Pressure. Journal of Testing and Evaluation 47(6): x–x, http://doi.org/10.1520/jte20170689. 

Soltani A, Deng A and Taheri A (2018) Swell‒Compression Characteristics of a Fiber‒Reinforced 

Expansive Soil. Geotextiles and Geomembranes 46(2): 183–189, 

http://doi.org/10.1016/j.geotexmem.2017.11.009. 

Soltani A, Deng A, Taheri A, Sridharan A and Estabragh AR (2018) A Framework for Interpretation of 

the Compressibility Behavior of Soils. Geotechnical Testing Journal 41(1): 1–16, 

http://doi.org/10.1520/gtj20170088. 

Soltani A, Estabragh AR, Taheri A, Deng A and Meegoda JN (2018) Experiments and Dimensional 

Analysis of Contaminated Clay Soils. Environmental Geotechnics x(x): x–x, 

http://doi.org/10.1680/jenge.18.00018. 

Soltani A and Mirzababaei M (2018) Comment on “Effects of Lime Addition on Geotechnical 

Properties of Sedimentary Soil in Curitiba, Brazil” [J Rock Mech Geotech Eng 10 (2018) 188–194]. 

Journal of Rock Mechanics and Geotechnical Engineering x(x): x–x, http://doi.org/x.5 

Mirzababaei M, Arulrajah A, Horpibulsuk S, Soltani A and Khayat N (2018) Stabilization of Soft Clay 

Using Short Fibers and Poly Vinyl Alcohol. Geotextiles and Geomembranes 46(5): 646–655, 

http://doi.org/10.1016/j.geotexmem.2018.05.001. 

Estabragh AR, Soltani A and Javadi AA (2018) Effect of Pore Water Chemistry on the Behaviour of a 

Kaolin–Bentonite Mixture During Drying and Wetting Cycles. European Journal of 

Environmental and Civil Engineering x(x): x–x, http://doi.org/10.1080/19648189.2018.1428691. 

                                                 
5In Press [accepted on 13 August 2018]. 

 

http://doi.org/10.1680/jgein.18.00009
http://doi.org/10.1520/jte20170689
http://doi.org/10.1016/j.geotexmem.2017.11.009
http://doi.org/10.1520/gtj20170088
http://doi.org/10.1680/jenge.18.00018
http://doi.org/10.1016/j.geotexmem.2018.05.001
http://doi.org/10.1080/19648189.2018.1428691
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Zhang J, Deng A, Jaksa MB and Soltani A (2018) Mechanical Behavior of Micaceous Clays. Journal 

of Rock Mechanics and Geotechnical Engineering x(x): x–x, http://doi.org/x.6 

Soltani A, Taheri A, Khatibi M and Estabragh AR (2017) Swelling Potential of a Stabilized Expansive 

Soil: A Comparative Experimental Study. Geotechnical and Geological Engineering 35(4): 1717–

1744, http://doi.org/10.1007/s10706-017-0204-1. 

Soltani A, Deng A, Taheri A and Mirzababaei M (2017) A Sulphonated Oil for Stabilisation of 

Expansive Soils. International Journal of Pavement Engineering x(x): x–x, 

http://doi.org/10.1080/10298436.2017.1408270. 

Soltani A, Azimi M, Deng A and Taheri A (2017) A Simplified Method for Determination of the Soil–

Water Characteristic Curve Variables. International Journal of Geotechnical Engineering x(x): 

x–x, http://doi.org/10.1080/19386362.2017.1344450. 

Soltani A (2017) Discussion of “Optimization of Carpet Waste Fibers and Steel Slag Particles to 

Reinforce Expansive Soil Using Response Surface Methodology” by M. Shahbazi, M. 

Rowshanzamir, S.M. Abtahi, S.M. Hejazi [Appl. Clay Sci., doi:10.1016/j.clay.2016.11.027]. 

Applied Clay Science x(x): x–x, http://doi.org/10.1016/j.clay.2017.07.020. 

Soltani A (2016) Discussion of “Compressibility Behavior of Soils: A Statistical Approach” by Syed 

Iftekhar Ahmed and Sumi Siddiqua [Geotechnical and Geological Engineering, doi: 

10.1007/s10706-016-9996-7]. Geotechnical and Geological Engineering 34(5): 1687–1692, 

http://doi.org/10.1007/s10706-016-0062-2. 

5. Concluding Remarks 

The following conclusions can be drawn from this study: 

• As a result of rubber inclusion, the consistency limits, i.e. liquid limit wL, plastic limit wP, 

flow index IF and plasticity index IP, exhibited a linear monotonic decreasing trend with 

increase in rubber content. The rate of decrease, however, was dependent on the type of soil, 

with the CH soils (high–plasticity clays) exhibiting a greater tendency for reduction 

compared to that of the CI soils (intermediate–plasticity clays). [see Chapter 2] 

• As a result of rubber inclusion, the compaction characteristics, i.e. optimum water content 

wopt and maximum dry unit weight γdmax, exhibited a linear monotonic decreasing trend with 

increase in rubber content. Similar to the consistency limits, the rate of decrease in wopt was 

dependent on the type of soil, with the CH soils exhibiting a greater tendency for reduction. 

                                                 
6Under Review [submitted on 06 October 2018]. 

http://doi.org/10.1007/s10706-017-0204-1
http://doi.org/10.1080/10298436.2017.1408270
http://doi.org/10.1080/19386362.2017.1344450
http://doi.org/10.1016/j.clay.2017.07.020
http://doi.org/10.1007/s10706-016-0062-2
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The rate of decrease in γdmax, however, was less influenced by the type of soil. Such results 

foster the use of soil–rubber blends as a viable lightweight material for the construction of 

sustainable earth fills, thus serving a variety of infrastructure needs, e.g. road/railway 

embankments, retaining walls and bridge abutments. [see Chapter 2] 

• The compaction characteristics were strongly correlated with the plastic limit. In this case, 

simple correlative models in the form of wopt=0.941wP and γdmax=0.932γdP (γdP=dry unit 

weight at plastic limit water content with a presumptive saturation degree of 100%) were 

obtained for the optimum water content and the maximum dry unit weight, respectively. 

The predictive capacity of the proposed models was examined and further validated by 

statistical techniques. The proposed correlative models offer a practical procedure towards 

predicting the compaction characteristics of soil–rubber blends without the hurdles of 

conducting the conventional compaction test, and hence can be implemented in practice for 

preliminary assessments. [see Chapter 2] 

• As a result of rubber inclusion (and/or cyclic wetting–drying), the swelling strain–time locus 

experienced a major downward shift over the semi–log space, signifying a capacity to 

counteract the heave in both magnitude and time. Improvement in the rate and potential of 

swelling was dependent on both the rubber content and the rubber size/shape, with the 

former taking on a more pronounced role. A similar dependency was also observed for the 

shrinkage potential. In this case, however, the effect of rubber size/shape was observed to 

be rather marginal. [see Chapters 3 and 7] 

• The rubber inclusions altered the void ratio–effective stress consolidation locus, leading to 

a significant reduction in the swelling pressure. The variations of swelling pressure 

suggested a trend similar to that of swelling potential. In addition, the rubber inclusions led 

to a notable reduction in the compression and swell indices, indicating a capacity to 

counteract material collapse when stressed. The compression index was observed to be 

rubber size/shape–dependent; however, for the swell index, the performance of both rubber 

types were found to be on par with each other. [see Chapter 3] 

• The secondary consolidation rate also exhibited a rubber content and rubber size 

dependency, indicating a capacity to counteract the settlement in both magnitude and time. 

The higher the rubber content the lower the secondary consolidation rate, with the finer 

rubber maintaining a slight advantage over the coarser rubber. The resulted trends for the 
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secondary swelling and secondary consolidation rates were observed to be consistent and 

comparable. [see Chapter 3] 

• The rubber inclusions were able to amend desiccation–induced cracking. The cracking 

intensity was dependent on both the rubber content and the rubber size/shape, with the 

former portraying a more significant role. In this case, the higher the rubber content the 

greater the magnitude of improvement, with the coarser rubber holding a notable advantage 

over similar samples reinforced with the finer rubber. [see Chapters 4 and 8] 

• For both fine and coarse rubber types, the peak unconfined compression and peak split 

tensile strength values were dependent on the rubber content, peaking at Rc=5–10% (by 

weight of dry soil) then decreasing at higher rubber inclusions. Rubber–clustering effects 

were vigorously evident for rubber contents greater than 10%, which led to some adverse 

results. The effect of rubber size and shape was mainly translated to higher ductility, lower 

stiffness and higher energy adsorption capacity rather than peak strength improvements. [see 

Chapters 3 and 4] 

• The peak and critical shear strength values were dependent on both the rubber content and 

the rubber size, with the former portraying a more significant role. For rubber contents equal 

to or less than 10%, the rubber of coarser category slightly outperformed the finer rubber in 

terms of higher peak shear strength properties, while an opposite effect was evident at higher 

rubber inclusions. In this case, Rc=20% served as a transition point by manifesting a similar 

performance with marginal differences for the two rubber types. The strain–softening 

character was less apparent at high inclusions of the coarser rubber, thus resulting in induced 

strength performance at critical state condition. As a result, the critical shear strength was 

in favor of both a higher rubber content and a larger rubber size. [see Chapters 4 and 5] 

• The results of the unconfined compression, split tensile and direct shear tests were cross–

checked with the swell–shrink/consolidation properties to arrive at the optimum rubber 

content. A rubber inclusion of 10% (preferably the rubber of coarser category) satisfied a 

notable decrease in the swell–shrink/consolidation capacity as well as improving (or 

maintaining) the strength–related features, and thus was deemed as the optimum choice. 

Where context changes and the compressive/tensile strength and stiffness of the material 

are not a primary concern, higher rubber inclusions up to 20% may also be considered as 

acceptable choices. [see Chapters 3 and 4] 
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• The dimensional analysis concept was extended to the soil–rubber shear strength problem, 

thereby leading to the development of a series of simple and practical dimensional models 

capable of simulating the shear stress–horizontal displacement response as a function of the 

composite’s basic index properties. The predictive capacity of the proposed dimensional 

models was examined and validated by statistical techniques. The proposed dimensional 

models contain a limited number of fitting/model parameters, which can be calibrated by 

minimal experimental effort (as well as simple explicit calculations) and hence implemented 

for predictive purposes. [see Chapters 5 and 6] 

• To justify the use of higher rubber contents in practice, a sustainable polymer agent, namely 

Polyacrylamide (PAM) of anionic character, was introduced as the binder, and a case study 

was carried out with respect to South Australian expansive soils. As a result of PAM 

treatment, the connection interface between the rubber particles and the clay matrices were 

markedly improved, which in turn led to lower swelling/shrinkage properties, higher 

resistance to cyclic wetting–drying, and reduced tendency for cracking compared to that of 

the conventional soil–rubber blend. A rubber inclusion of 20%, paired with 0.2 g/l PAM, 

was suggested to effectively stabilize South Australian expansive soils. [see Chapter 8] 

• The cost efficiency of the rubber reinforcement technique was compared to conventional 

poly– (ester, ethylene or propylene) fibers. Significant cost reduction can be achieved where 

rubbers are used as a replacement for conventional fibers. More importantly, beneficial 

reuse of recycled tires provides a sound environmental alternative to the safe disposal 

concern associated with such waste materials. [see Chapter 3]  
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Abstract 

The present study aims at the development of practical correlative models capable of predicting 

the compaction characteristics of ground rubber–clay (GRC) blends. Four different clay soils, 

ranging from intermediate to high plasticity, were adopted for the test program. Each of the 

four soil choices was blended with four different rubber contents (by weight), i.e. 5%, 10%, 

20% and 30%. The test program consisted of cone penetration (consistency limits) and standard 

Proctor compaction tests. As a result of ground rubber (GR) inclusion, the consistency limits, 

i.e. liquid limit wL, plastic limit wP (wP=wL–0.715IF, where IF=flow index) and plasticity index 
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IP (IP=0.715IF), and the compaction characteristics, i.e. optimum water content wopt and 

maximum dry unit weight γdmax, all exhibited a linear decreasing trend with increase in rubber 

content. The rate of decrease, however, was greater for the high plasticity clays. Simple 

correlative models in the form of wopt=0.941wP and γdmax=0.932γdP (γdP=dry unit weight at 

plastic limit) were suggested and validated by statistical techniques. The proposed models 

provide a practical procedure towards predicting the compaction characteristics of GRC blends 

without the hurdles of conducting laboratory compaction tests, and thus can be implemented in 

practice for preliminary assessments. 

Keywords: Clay soil; Ground rubber; Cone Penetration; Flow index; Plastic limit; Optimum 

water content; Maximum dry unit weight.  
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Abbreviations 

CH   clay with high plasticity 

CI   clay with intermediate plasticity 

CL   clay with low plasticity 

GR   ground rubber 

GRC   ground rubber–clay mix 

USCS   unified soil classification system 

ZAV   zero–air voids 

Notation 

Gsm   average specific gravity of GRC 

Gsr   specific gravity of GR 

Gss   specific gravity of soil solids 

IF   flow index 

IP   plasticity index 

MAPE   mean absolute percentage error 

NRMSE  normalized root mean squares error 

R2   coefficient of determination 

Rc   rubber content (by weight) 

M

cR    median rubber content 

w   water content 

wL   liquid limit 

wopt   optimum water content 

wP   plastic limit 
M

Pw    plastic limit corresponding to M

cR  

wPo   plastic limit for the virgin clay 

γd   dry unit weight 

γdmax   maximum dry unit weight 

γdP   dry unit weight at plastic limit 

γw   unit weight of water 

δ   cone penetration 

η   coefficient of plastic limit reduction 

χ    average ratio of IP to IF  
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1. Introduction 

The design and construction of geostructures often necessitate incorporating low–graded clay 

soils, with high moisture susceptibility (and plasticity) and low bearing capacity, into the 

construction. Common solutions to counteract the adversities associated with such soils include 

soil–replacement (i.e. replacing the poor–quality clay soil with desired quarried materials) or 

attempting to improve the problematic soil by means of stabilization techniques. Currently, two 

stabilization schemes are in vogue for clay soils, i.e. chemical and mechanical stabilization 

(Soltani et al. 2017a). The chemical scheme makes use of chemical binders, which initiate a 

series of short– and long–term chemical reactions in the clay–binder medium, thereby 

amending the soil fabric into a coherent matrix of improved mechanical performance. Common 

binders include agents of traditional (e.g. cement, lime and fly ash) or non–traditional (e.g. 

polymers, resins and sulfonated oils) categories, both of which have been well documented in 

the literature (e.g. Mirzababaei et al. 2009; Estabragh et al. 2013, 2014; Georgees et al. 2015; 

Jha and Sivapullaiah 2016; Soltani et al. 2017b). The mechanical technique often involves the 

placement of randomly or specifically–engineered reinforcements (e.g. natural and synthetic 

fibers) in the soil regime, thereby engendering a spatial three–dimensional reinforcement 

network in favor of weaving (or interlocking) the soil grains into a unitary mass of improved 

mechanical performance (e.g. Tang et al. 2010; Estabragh et al. 2016; Mirzababaei et al. 2017; 

Wang et al. 2017; Mirzababaei et al. 2018; Soltani et al. 2018a). As of late, many developed 

and developing countries have initiated the transition towards ‘sustainable infrastructure’, a 

concept which fosters the beneficial reuse of solid wastes and/or industrial by–products as a 

replacement for conventional quarried materials (such as sand) and/or stabilization agents, 

thereby conserving natural resources as well as reducing the level of greenhouse gas emissions. 

Promising replacements, based on recent studies, include recycled tire rubbers, waste textiles, 

recycled crushed glass, demolition wastes, mine tailings, spent coffee grounds, kiln and quarry 

dusts, and silicate/calcium geopolymers (e.g. Soosan et al. 2005; Mirzababaei et al. 2013a, 

2013b; Alazigha et al. 2016; Al-Amoudi et al. 2017; Arulrajah et al. 2017; Kua et al. 2017). 

Waste tire rubbers are being generated at an increasing rate throughout the world. Such 

materials are bulky in nature, owing to their low weight to volume ratio, and thus consume 

valuable landfill space upon disposal. As such, local communities and governmental agencies 

have been increasingly encouraged to recycle and hence reuse waste tires as part of the 

infrastructure system. The rubber–soil blend is showing great promise in several aspects, e.g. 

reduced unit weight, enhanced strength and ductility, increased permeability, and reduced 



19 

moisture susceptibility (i.e. swell–shrink capacity), which can facilitate the production and 

placement of sustainable earth fills such as road and railway embankments (e.g. Cetin et al. 

2006; Özkul and Baykal 2007; Trouzine et al. 2012; Cabalar et al. 2014; Srivastava et al. 2014; 

Signes et al. 2016; Perez et al. 2017; Yadav and Tiwari 2017a, 2017b; Soltani et al. 2018b, 2018c; 

Wang et al. 2018). When placed in a flowable condition, the rubber–soil blend outperforms 

conventional soil backfills by enabling the placement of particles into any irregular or 

inaccessible space without significant compaction efforts (ACI R229 2013). The advantages of 

rubber mixed soils in engineering performance, which natural soils rarely exhibit, suggests a 

promising path towards sustainability without compromising performance. Though promising, 

the leaching of heavy metals from rubber particles (into the soil mass and/or water bodies) could 

raise some environmental concerns. In this case, most documented studies have reported that 

the degree of soil and water contamination both remain within the allowable limits provided by 

various health and environmental agencies. When paired with coarse–grained soils, however, 

the rubber–soil blend should be stabilized by means of chemical binders to meet the required 

environmental standards (see Yadav and Tiwari (2017c) for more details). 

A review of the literature indicates a rather common emphasis on the application of coarse–

grained tire rubber material in the form of fibers, shreds and aggregates. Such materials, 

however, would be associated with implementation difficulties when dealing with cohesive clay 

soils (e.g. mixing difficulties and hence non–uniform distribution of rubber particles in the soil 

regime). As such, less regarded types of recycled tires such as fine ground rubber (GR) take the 

advantage of better workability, and thus demand further investigation. Quite clearly, a vital 

step towards the production and placement of suitable rubber–clay earth fills is compaction. In 

this context, the maximum dry unit weight has been reported to decrease with increase in rubber 

content, while the reported trends for optimum water content still remain rather inconsistent 

(e.g. Al-Tabbaa et al. 1997; Cetin et al. 2006; Seda et al. 2007; Kalkan 2013; Priyadarshee et 

al. 2018). In comparison, limited studies (e.g. Cetin et al. 2006; Trouzine et al. 2012; Srivastava 

et al. 2014) have been conducted on the consistency limits, the results of which have yet been 

systematically correlated with other geotechnical properties such as the compaction 

characteristics. With rubber–soil blends gaining ground as a viable geomaterial in practice, the 

need for an efficient and simple tool to adequately predict its performance, in terms of 

compaction, poses as an inevitable necessity. If developed, such a predictive toolbox would aid 

the practicing engineer to arrive at reliable rubber–soil design choices without the hurdles of 

conducting time–consuming laboratory compaction tests. Though numerous attempts have 



20 

been made to correlate the compaction characteristics with the consistency limits for natural 

fine–grained soils (e.g. Pandian et al. 1997; Blotz et al. 1998; Gurtug and Sridharan 2002, 2004; 

Sridharan and Nagaraj 2005; Sivrikaya et al. 2008; Di Matteo et al. 2009; Nagaraj et al. 2015; 

Pillai and Vinod 2016; Gurtug et al. 2018), such correlative models have yet been developed 

for rubber mixed soils. 

In this study, a series of cone penetration (consistency limits) and standard Proctor compaction 

tests were carried out on various ground rubber–clay (GRC) blends (prepared with four 

different clay soils) to generate a reliable database allowing for the development of simple 

correlative models capable of predicting the compaction characteristics of GRC blends as a 

function of the composite’s consistency limits. The models proposed in the present study 

provide a practical procedure towards predicting the compaction characteristics of GRC blends 

without the need of conducting time–consuming compaction tests. 

2. Materials 

2.1. Clay Soils 

Four different soils consisting of both natural and commercial soils, covering a wide range of 

plasticity characteristics, were adopted for the experimental program. The natural soils, 

hereafter denoted as soils RC1 and RC2, consisted of reddish–brown clays sourced from a 

landfill site located at Adelaide, South Australia. The commercial soils were supplied by a local 

manufacturer, and included kaolinite (hereafter soil K) and a mixture of 85% kaolinite and 15% 

sodium–activated bentonite (hereafter soil KB). Physical and mechanical properties of the soils, 

determined as per relevant ASTM and Australian standards, are summarized in Table 1. The 

liquid limit wL and plasticity index IP were measured as wL=44% and IP=22% for soil K, and 

wL=47% and IP=29% for soil RC1, from which both soils were characterized as clay with 

intermediate plasticity (CI) in accordance with the Unified Soil Classification System (USCS). 

The soils KB and RC2, however, were graded as clay with high plasticity (CH), respectively, 

exhibiting wL and IP values of 59% and 31% for soil KB, and 78% and 57% for soil RC2. 

2.2. Ground Rubber (GR) 

Commercially available ground rubber (hereafter denoted as GR), supplied by a local 

distributor, was used as the reinforcing agent. The conventional grain–size (or sieve) analysis, 

carried out in accordance with the ASTM D422–07 standard, indicated that GR is similar in 
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size to medium–fine sand, with particles ranging between 1.18 mm and 75 μm. The particle 

diameters corresponding to 10%, 30% and 60% finer were measured as D10=0.182 mm, 

D30=0.334 mm and D60=0.513 mm. The uniformity (i.e. Cu=D60/D10) and curvature (i.e. 

Cc=D30
2/D10D60) coefficients were therefore obtained as Cu=2.81 and Cc=1.20, from which GR 

was classified as poorly–graded in accordance with the USCS criteria. Figure 1 illustrates 

microscopic micrographs of the rubber particles at three different magnification ratios (Figure 

1a: 1x magnification; Figure 1b: 50x magnification; and Figure 1c: 200x magnification). As 

depicted in Figure 1b, the rubber particles are non–spherical and highly–irregular in shape. 

Moreover, a series of cavity–like micro–cracks are distributed along the rubber’s surface (see 

Figure 1c), thus making for a rough surface texture. Such surface features may potentially 

promote adhesion and/or induce interfacial friction between the rubber particles and the soil 

grains, thereby altering the soil fabric into a coherent matrix of enhanced mechanical 

performance (Soltani et al. 2018b). Physical properties and chemical composition of GR, as 

supplied by the manufacturer, are provided in Table 2. The specific gravity of GR was found 

to be Gsr=1.09, which is approximately two–fold lower than the standard value of Gss=2.65 

reported for most soils. 

3. Test Program 

Each of the four soil choices, i.e. soils K, RC1, KB and RC2, was blended with GR at four 

varying rubber contents (defined as GR to dry soil weight ratio), i.e. Rc=5%, 10%, 20% and 

30%, and further tested for consistency limits and compaction characteristics. Hereafter, a 

simple coding system, defined as KRx, RC1Rx, KBRx and RC2Rx (where Rx=x% GR), will 

be adopted to designate the various mix designs. As a consequence of rubber particles floating 

in water, standard procedures outlined in ASTM D854–14 for measuring the specific gravity of 

solids were not applicable. Therefore, the specific gravity for various ground rubber–clay 

(GRC) blends was estimated by the following theoretical relationship (Soltani et al. 2018b): 

ss sr s r
sm

s sr r ss

( )W W

W W

G G
G

G G

+
=

+
 (1) 

where Gsm=average specific gravity of GRC blends; Ws=weight of dry soil; Wr=weight of GR; 

Gss=specific gravity of soil solids (see Table 1); and Gsr=specific gravity of GR particles 

(=1.09). 
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3.1. Consistency Limits 

The virgin clays and various GRC blends were tested for consistency limits, i.e. liquid limit wL, 

plastic limit wP and plasticity index IP (=wL–wP), following the Australian code of practice (see 

relevant standard designations in Table 1). The liquid limit was obtained by means of the cone 

penetration method. The weight and conical angle of the cone were 80 g and 30o, respectively. 

The required amount of material (either virgin or GR–blended clay) was divided into six equal 

portions, each portion paired with a predetermined amount of water, and thoroughly mixed by 

mechanical effort to obtain slurries of uniform consistency. The resultant slurries where then 

remolded into rigid cups, measuring 53 mm in diameter and 40 mm in height, and placed in 

contact with the cone penetrometer for testing. The cone was allowed to freely penetrate into 

each sample for approximately 5 s. The depth of penetration was measured by means of a digital 

dial gauge to the nearest of 0.1 mm. As a result of the test, a linear change in water content w 

against the corresponding cone penetration δ, commonly referred to as the flow curve, can be 

observed. Test results are plotted over the w:log10δ space, the slope of which is defined as the 

flow index, i.e. IF=Δw/Δlog10δ (Sridharan et al. 1999). Furthermore, the water content at which 

the cone penetration reaches δ=20 mm is taken as the liquid limit. 

The rolling thread method is currently in vogue for direct measurement of the plastic limit. The 

water content at which a mass of soil (or material) initiates to crumble when manually rolled 

into a thread of approximately 3.2 mm (in diameter) is taken as the plastic limit. Quite clearly, 

the rolling thread method is highly–subjective and therefore inevitably biased by personal 

judgments, which leads to inconsistent and often non–reproducible results amongst different 

operators. Moreover, it has been the authors’ experience that this particular methodology would 

not be suitable for geomaterials containing notable non–plastic hydrophobic (i.e. low water 

adsorption capacity) fractions (despite the geomaterial’s plastic response in the presence of 

water). The rubber’s elastic character and hydrophobic nature make for a rather difficult, though 

possible, implementation of the conventional rolling thread technique. Though the rubber 

inclusion would most certainly lead to a reduced plastic limit, one cannot arrive at a 

certain/unique value with confidence following the current methodology. Such difficulties are 

essentially similar to those encountered for natural soils containing notable fractions of sand 

and silt, which have been well documented in the literature (e.g. Prakash and Sridharan 2006, 

2012). Amongst the available experimental alternatives for indirect measurement of the plastic 

limit, the flow index method suggests a rather practical and objective scheme, which is also 

supported by robust empirical observations as well as solid fundamental evidence (see 
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Sridharan et al. (1999) for details). The flow index method states that the plasticity index is 

proportional to the flow index (obtained from the cone penetration test), i.e. IP IF, and thus 

can be estimated by: 

P Fχ I I=  (2) 

where χ =empirical coefficient. 

Therefore, the plastic limit can be estimated with a known liquid limit (obtained from the cone 

penetration test) by: 

P L Fχ w w I= −  (3) 

The empirical coefficient χ  falls between 0.71 and 0.74, which was calibrated based on 

conventional rolling thread tests conducted on 121 soil samples of widely varying plasticity 

characteristics and geological origin (Sridharan et al. 1999). As a typical example, and to 

provide further verification of χ =0.71–0.74, Figure 2 illustrates the variations of the plasticity 

index IP (IP=wL–wP, where wP=plastic limit obtained by the rolling thread method) against the 

flow index IF for the virgin clays used in the present study. As demonstrated in the figure, a 

perfect correlation in the form of IP=0.715IF (with R2=0.997) can be obtained between the 

plasticity and flow indices, which well complies with that suggested by Sridharan et al. (1999). 

Therefore, to avoid the difficulties associated with implementing the conventional rolling 

thread technique to various GRC blends, the plastic limit for both the virgin clays and various 

GRC blends was estimated by means of Equation 3 (with χ =0.715). Hereafter, the term plastic 

limit will refer to that obtained by means of the flow index method. 

3.2. Compaction Studies 

Standard Proctor compaction tests were carried out on the virgin clays and various GRC blends 

in accordance with the ASTM D698–12 standard. The soil (or material) is compacted in three 

layers, giving each layer 25 blows by a metal hammer weighing 2.5 kg (5.5 lbs) falling through 

a height of 30.5 cm (12 in), thus making for a compactive effort of 593.7 kJ/m3. The required 

amount of material (either virgin or GR–blended clay) was divided into six equal portions, each 

portion paired with a predetermined amount of water, and thoroughly mixed by hand. Extensive 

care was dedicated to pulverize the lumped particles, targeting homogeneity of mixtures. The 
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moist mixtures were sealed in plastic bags and allowed to cure for a period of 24 hours, ensuring 

even distribution of moisture throughout the composite mass. The cured mixtures were then 

subjected to the conventional standard Proctor compaction test to arrive at the dry unit weight–

water content relationship, and thus quantify the optimum water content and the maximum dry 

unit weight. 

4. Statistical Analysis 

The consistency limits, obtained as per Section 3.1, were each independently plotted against 

the corresponding optimum water contents, and further examined for single–coefficient linear 

correlations, i.e. wopt=βx (wopt=optimum water content; x=wL, wP or IP; and β=regression 

coefficient or fitting parameter). The most appropriate consistency parameter (capable of 

adequately estimating the optimum water content for various GRC blends) was then selected 

and coupled with basic volume–mass relations to arrive at a semi–empirical relationship for the 

maximum dry unit weight. The accuracy of the proposed correlative models for both the 

optimum water content and the maximum dry unit weight was then examined by means of 

statistical fit–measure indices. 

5. Results and Discussions 

5.1. Effect of Ground Rubber (GR) on Consistency Limits 

The flow curves for the virgin clays and various GRC blends prepared with soils K, RC1, KB 

and RC2 are provided in Figures 3a–3d, respectively. As a result of GR inclusion, the flow 

curve exhibited a major downward shift over the w:log10δ space (w=water content; and δ=cone 

penetration), indicating a significant reduction in the liquid limit (compare the water contents 

at δ=20 mm). Meanwhile, the slope of the flow curve was also observed to decrease with 

increase in rubber content, leading to a notable reduction in the flow index IF and hence the 

plasticity index IP (IP=0.715IF). As a typical case, the virgin clay KB resulted in IF=45.12%, 

while the inclusion of 5%, 10%, 20% and 30% GR resulted in IF=43.23%, 42.00%, 40.67% and 

37.74%, respectively (see Figure 3c). 

Figures 4a–4d illustrate the variations of the consistency limits, i.e. liquid limit wL, plastic limit 

wP (wP=wL–0.715IF) and plasticity index IP (IP=0.715IF), against rubber content Rc for the virgin 

clays and various GRC blends prepared with soils K, RC1, KB and RC2, respectively. The 
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higher the rubber content the lower the consistency limits, following a linear monotonic 

decreasing trend. As a typical case, the virgin clay KB resulted in wL=59%, while the inclusion 

of 5%, 10%, 20% and 30% GR resulted in wL=57%, 53%, 51% and 46%, respectively (see 

Figure 4c). The rate of decrease in wL, wP and IP with respect to Rc — represented by the slope 

of a typical linear trendline fitted through the desired dataset (i.e. Δy/ΔRc, where y=wL, wP or 

IP) — was observed to be dependent on the type of soil, with the CH soils (i.e. soils KB and 

RC2) exhibiting a greater tendency for reduction compared with that of the CI soils (i.e. soils 

K and RC1). In terms of the liquid limit, for instance, the soils KB and RC2 resulted in 

ΔwL/ΔRc= –0.425 and –0.456, respectively. For the soils K and RC1, however, these values 

dropped to –0.347 and –0.401, respectively. 

Figure 5 illustrates the location of the tested mix designs on Casagrande’s plasticity chart 

(Figure 5a: soils K and KB; and Figure 5b: soils RC1 and RC2). For a given type of soil, the 

variations of IP against wL followed a linear path (see the arrowed lines ‘1’ and ‘2’ in Figure 

5), with relatively lower slopes (i.e. ΔIP/ΔwL) compared with that of the ‘A’ and ‘U’ lines of 

the plasticity chart. Furthermore, the value of ΔIP/ΔwL was dependent on the type of soil, with 

the CH soils (i.e. soils KB and RC2) exhibiting greater slopes compared with that of the CI 

soils (i.e. soils K and RC1). The soils KB and RC2 resulted in ΔIP/ΔwL=0.383 and 0.517, 

respectively. For the soils K and RC1, however, these values changed to 0.329 and 0.395, 

respectively. For a given type of soil, an increase in rubber content relocated the soil towards 

lower plasticity regions (follow the arrowed lines ‘1’ and ‘2’ in Figure 5), while mainly 

maintaining the original USCS classification observed for the virgin soil. Two exceptions, 

however, included the soils K and KB at Rc=30%, which transitioned from the CI and CH 

categories to CL (clay with low plasticity) and CI, respectively (see KR30 and KBR30 in Figure 

5a). 

The consistency limits, the liquid limit in particular, can be employed to infer the development 

of soil fabric (Wroth and Wood 1978; Kim and Palomino 2009; Soltani et al. 2018b). A decrease 

in the liquid limit, as the case with GRC blends (see Figure 4), implies that a face–to–face 

aggregated (or dispersed) fabric dominates the GRC matrix (Mitchell and Soga 2005). As 

opposed to the edge–to–face flocculated fabric, a face–to–face aggregated fabric offers less 

resistance to shear (or cone penetration), which in turn leads to lower liquid limits (i.e. the 20 

mm cone penetration is achieved at lower water contents). Moreover, reduction in the 

consistency limits as a result of GR inclusion can be attributed to the lower specific surface area 

and water adsorption capacity of the rubber particles compared with the soil grains (Cetin et al. 
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2006; Trouzine et al. 2012; Srivastava et al. 2014). The consistency limits are primarily a 

function of the soil’s clay (or fines) content, with higher clay contents exhibiting higher liquid 

and plastic limits. Quite clearly, an increase in rubber content substitutes a larger portion of the 

clay content with non–plastic hydrophobic rubber particles, thus leading to a further decrease 

of the consistency limits. 

5.2. Effect of Ground Rubber (GR) on Compaction Characteristics 

Standard Proctor compaction curves, along with corresponding specific gravities (obtained as 

per Equation 1) and zero–air voids (ZAV) saturation lines, for the virgin clays and various 

GRC blends prepared with soils K, RC1, KB and RC2 are provided in Figures 6a–6d, 

respectively. For a given type of soil, the higher the rubber content the lower the average 

specific gravity Gsm, following a monotonic decreasing trend. As a result of GR inclusion, the 

compaction locus exhibited a major downward–leftward translation over the γd:w space (γd=dry 

unit weight; and w=water content), indicating a significant reduction in both the optimum water 

content wopt and the maximum dry unit weight γdmax. Such results foster the use of GR as a 

viable lightweight alternative for common quarry materials such as sand. For a given type of 

soil, the peak (or optimum) points followed a linear decreasing trend with increase in rubber 

content Rc (follow the arrowed lines in Figure 6), thereby signifying the existence of a linear 

relationship for both wopt and γdmax with Rc. The linear tendency for reduction is in compliance 

with that reported in most of the existing literature sources (e.g. Cabalar et al. 2014; Signes et 

al. 2016; Yadav and Tiwari 2017a). 

Figures 7a and 7b illustrate the variations of the compaction characteristics, i.e. wopt and γdmax, 

against Rc for the tested mix designs, respectively. The higher the rubber content the lower the 

compaction characteristics, following a linear monotonic decreasing trend. The virgin clay KB, 

for instance, resulted in wopt=25% (γdmax=14.61 kN/m3), while the inclusion of 5%, 10%, 20% 

and 30% GR resulted in wopt=24% (γdmax=14.27 kN/m3), 22% (γdmax=14.16 kN/m3), 21% 

(γdmax=13.71 kN/m3) and 18% (γdmax=13.17 kN/m3), respectively. Similar to the consistency 

limits (see Figure 4), the rate of decrease in wopt with respect to Rc — represented by the slope 

of a typical linear trendline fitted through a desired wopt–Rc dataset, i.e. Δwopt/ΔRc — was 

observed to be dependent on the type of soil, with the CH soils (i.e. soils KB and RC2) 

exhibiting a greater tendency for reduction compared with that of the CI soils (i.e. soils K and 

RC1). As demonstrated in Figure 7a, the soils KB and RC2 resulted in Δwopt/ΔRc= –0.224 and 

–0.196, respectively. For the soils K and RC1, however, these values dropped to –0.160 and –
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0.114, respectively. On the contrary, as depicted in Figure 7b, an opposite effect can be 

concluded for γdmax, as Δγdmax/ΔRc was observed to be slightly higher for the CI soils compared 

with that of the CH soils (i.e. Δγdmax/ΔRc= –0.052, –0.059, –0.046 and –0.043 for soils K, RC1, 

KB and RC2, respectively). 

Reduction in the compaction characteristics as a result of GR inclusion can be attributed to the 

lower specific gravity and hydrophobic nature of the rubber particles compared with the soil 

grains (Özkul and Baykal 2007; Cabalar et al. 2014; Signes et al. 2016). Similar to the 

consistency limits, the optimum water content is primarily a function of the soil’s clay/fines 

content, with higher clay contents exhibiting a higher optimum water content. Consequently, 

an increase in rubber content substitutes a larger portion of the clay content with hydrophobic 

rubber particles, which in turn leads to a further decrease of the optimum water content. The 

maximum dry unit weight is proportional to the composite’s specific gravity, with higher 

specific gravities yielding a higher maximum dry unit weight. As such, an increase in rubber 

content substitutes a larger portion of the soil (with a high specific gravity) with low–specific 

gravity rubber particles, which leads to a further decrease of the composite’s average specific 

gravity (see Gsm values in Figure 6) and hence its maximum dry unit weight. Moreover, the 

elastic (or rebound) response of GR to dynamic energy during compaction may potentially 

reduce the compaction efficiency, and thus contribute to a lower maximum dry unit weight 

(Yadav and Tiwari 2017b). 

5.3. Compaction Characteristics as a Function of Consistency Limits 

The conventional compaction test, though simple in terms of procedure, has been widely 

regarded as a laborious and time–consuming task (Sridharan and Sivapullaiah 2005). Though 

numerous attempts have been made in the past to correlate the compaction characteristics with 

the consistency limits, such correlative models have yet been extended to GRC blends (or other 

similar geomaterials). As such, the present section will be devoted to the development of 

practical models capable of predicting the compaction characteristics of GRC blends as a 

function of the consistency limits. 

Figure 8 illustrates the variations of the optimum water content wopt (data presented in Figure 

7a) against the consistency limits, i.e. liquid limit wL, plastic limit wP and plasticity index IP 

(data presented in Figures 4a–4d), for the tested mix designs (Figure 8a: wopt–wL; Figure 8b: 

wopt–wP; and Figure 8c: wopt–IP). As depicted in Figures 8a and 8c, wL and IP both exhibit weak 
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correlations with wopt, and thus are deemed as unsuitable for model development. The ineptness 

of the liquid limit in predicting the compaction characteristics of natural fine–grained soils was 

first recognized by Sridharan and Nagaraj (2005), and was attributed to the fact that soils having 

the same liquid limit (but different plasticity characteristics) often exhibit different compaction 

behavior. On the contrary, wP exhibits a rather strong correlation (with R2=0.950) in the form 

of a single–coefficient linear function with wopt (see Figure 8b), which can be given as: 

opt P0.941w w=  (4) 

Though some scatter can be observed with respect to Equation 4, all data points lie between 

the upper and lower 95% prediction bands, thus indicating no particular outliers associated with 

the predictions (see Figure 8b). Interestingly, the proposed model given in Equation 4 well 

complies with those suggested in the literature for natural soils (but with a slightly different 

coefficient compared to 0.941), e.g. wopt=0.92wP (Sridharan and Nagaraj 2005), and 

wopt=0.84wP (Nagaraj et al. 2015). 

It is well accepted that the maximum dry unit weight γdmax is proportional to the dry unit weight 

at the plastic limit water content with a presumptive saturation degree of 100% (Gurtug and 

Sridharan 2002, 2004; Pillai and Vinod 2016; Gurtug et al. 2018). Making use of basic volume–

mass relations, the dry unit weight at plastic limit γdP can be expressed as: 

sm w
dP

sm P1

G γ
γ

G w
=

+
 (5) 

where Gsm=average specific gravity of GRC blends (values presented in Figure 6); and γw=unit 

weight of water (=9.81 kN/m3). 

The variations of γdmax (data presented in Figure 7b) were plotted against γdP (obtained as per 

Equation 5) for the various mix designs, and the results are provided in Figure 9. A similar 

correlation to that observed between wopt and wP also exists between γdmax and γdP (with 

R2=0.942), which can be expressed as: 

sm w
dmax dP

sm P

0.932
0.932

1

G γ
γ γ

G w
= =

+
 (6) 

As depicted in Figure 9, all data points with respect to Equation 6 position themselves between 

the upper and lower 95% prediction bands, thereby suggesting no particular outliers associated 
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with the predictions. Previous studies such as Gurtug and Sridharan (2002) have suggested a 

different coefficient of 0.98 for natural fine–grained soils, i.e. γdmax=0.98γdP, which is slightly 

higher compared to 0.932 obtained in the present study. This may be attributed to the lower 

average specific gravity of GRC blends compared with that of the virgin clays, which in turn 

gives rise to lower γdP values. 

Figures 10a and 10b illustrate the variations of both the actual and predicted wopt and γdmax data 

against rubber content Rc for the tested mix designs, respectively. The proposed models, i.e. 

Equation 4 for wopt and Equation 6 for γdmax, well comply with experimental observations, as 

evident with the clustering of actual and predicted data in the figures. Most of the predicted 

values perfectly overlap with their actual counterparts, thus signifying an excellent capacity to 

simulate the compaction characteristics of GRC blends by means of the plastic limit. In general, 

a reliable empirical model can be characterized as one that maintains a perfect balance between 

the apparent correlation and the exhibited error (or accuracy). The former is taken into 

consideration by means of the coefficient of determination R2, with values closer to unity 

implying a stronger correlation. The latter is commonly examined by means of the normalized 

root mean squares error NRMSE (in %) and the mean absolute percentage error MAPE (in %), 

with values closer to zero representing a higher degree of accuracy (Soltani et al. 2018d). The 

NRMSE and MAPE indices can be obtained by the following: 
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where ym=predicted value of the dependent variable y (=wopt or γdmax); ya=actual value of the 

dependent variable y (data presented in Figures 7); yamax=maximum value of ya data; 

yamin=minimum value of ya data; i=index of summation; and N=number of data points used for 

model development (=20, consisting of 4 virgin clays and 16 GRC blends). 

The suggested models for wopt (Equation 4) and γdmax (Equation 6), respectively, resulted in 

R2 values of 0.950 and 0.942, thus implying that approximately 95% of the variations in 

experimental observations are captured and further explained by the proposed correlative 

models. The NRMSE and MAPE indices were, respectively, found to be 6.73% and 4.09% for 
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wopt, and 6.05% and 1.18% for γdmax, thereby indicating an average offset of approximately 5% 

associated with the predictive capacity of the proposed models. 

As demonstrated in Figures 4a–4d, the plastic limit wP exhibited a linear relationship with 

rubber content Rc. For a given type of soil, one can therefore write the following: 

P Po cw w ηR= −  (9) 

where wPo=plastic limit for the virgin clay (in %); and η=coefficient of plastic limit reduction 

(dimensionless). 

The coefficient of plastic limit reduction η can be estimated by one plastic limit measurement 

for an arbitrary GRC blend. The choice of rubber content for the GRC blend would be arbitrary. 

From a statistical perspective, however, a median rubber content, taken as half the predefined 

maximum rubber content, is expected to provide a more reliable estimate of η (Mirzababaei et 

al. 2018; Soltani and Mirzababaei 2018). For the present study where Rc ≤ 30%, a median rubber 

content would be 15%. Consider the following designations: 

• M

cR =an arbitrary median rubber content. 

• M

Pw =plastic limit corresponding to an arbitrary median rubber content M

cR  (obtained in 

accordance with the flow index method, as outlined in Section 3.1). 

Therefore, the following can be derived for η: 

M

Po P

M

c

w w
η

R

−
=  (10) 

By substituting the recent Equation 9 into Equation 4, one can derive the following for wopt: 

opt Po c0.941( )w w ηR= −  (11) 

Similarly, by substituting Equation 9 into Equation 6, γdmax can expressed as: 
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+ −
 (12) 
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Though the original models given in Equations 4 and 6 offer a fairly practical procedure 

towards predicting the compaction characteristics of GRC blends without the hurdles of 

conducting the conventional compaction test, the procedure may still be somewhat time–

consuming, since a separate plastic limit measurement is to be carried out for each desired 

rubber content. The newly developed models given in Equations 11 and 12, however, suggest 

a more practical approach, one that requires only two plastic limit measurements (i.e. 

wPo=plastic limit for the virgin clay; and M

Pw =plastic limit corresponding to an arbitrary median 

rubber content M

cR ) to arrive at an estimate of the compaction characteristics over a wide range 

of desired rubber contents. Similar correlative models may also be developed for different 

compaction energy levels, and thus arrive at a unified framework capable of predicting the 

compaction characteristics of GRC blends for any desired rubber content and/or rational 

compaction energy level. 

6. Conclusions 

The following conclusions can be drawn from this study: 

• As a result of GR inclusion, the consistency limits, i.e. liquid limit wL, plastic limit wP 

(wP=wL–0.715IF, where IF=flow index) and plasticity index IP (IP=0.715IF), exhibited a 

linear monotonic decreasing trend with increase in rubber content. The rate of decrease in 

wL, wP, IF and IP was dependent on the type of soil, with the CH soils (high plasticity clays) 

exhibiting a greater tendency for reduction compared with that of the CI soils (intermediate 

plasticity clays). 

• As a result of GR inclusion, the compaction characteristics, i.e. optimum water content wopt 

and maximum dry unit weight γdmax, exhibited a linear monotonic decreasing trend with 

increase in rubber content. Similar to the consistency limits, the rate of decrease in wopt was 

dependent on the type of soil, with the CH soils exhibiting a greater tendency for reduction. 

The rate of decrease in γdmax, however, was less influenced by the type of soil. Such results 

foster the use of GRC blends as a viable lightweight material for the construction of 

sustainable earth fills, thus serving a variety of infrastructure needs, e.g. road/railway 

embankments, retaining walls and bridge abutments. 

• The compaction characteristics were strongly correlated with the plastic limit. In this case, 

simple correlative models in the form of wopt=0.941wP and γdmax=0.932γdP (γdP=dry unit 
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weight at plastic limit water content with a presumptive saturation degree of 100%) were 

obtained for the optimum water content and the maximum dry unit weight, respectively. 

The predictive capacity of the proposed models was examined and further validated by 

statistical techniques. The proposed correlative models offer a practical procedure towards 

predicting the compaction characteristics of GRC blends without the hurdles of conducting 

the conventional compaction test, and hence can be implemented in practice for preliminary 

assessments. 
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Table 1. Physical and mechanical properties of the clay soils. 

Properties Soil K Soil RC1 Soil KB Soil RC2 Standard designation 

Specific gravity, Gss 2.69 2.67 2.71 2.72 ASTM D854–14 

Grain–size distribution 

Clay (< 2 μm) (%) 49 37 53 44 ASTM D422–07 

Silt (2–75 μm) (%) 50 32 46 36 

Fine sand (0.075–0.425 mm) (%) 1 19 1 14 

Medium sand (0.425–2 mm) (%) 0 8 0 5 

Coarse sand (2–4.75 mm) (%) 0 5 0 1 

Consistency limits and classification 

Liquid limit, wL (%) 44 47 59 78 AS 1289.3.9.1–15† 

Plastic limit, wP (%) 22 18 28 21 AS 1289.3.2.1–09‡ 

Plasticity index, IP (=wL–wP) (%) 22 29 31 57 AS 1289.3.3.1–09 

USCS classification CI* CI CH# CH ASTM D2487–11 

Compaction characteristics 

Optimum water content, wopt (%) 21 16 25 19 ASTM D698–12 

Maximum dry unit weight, γdmax (kN/m3) 15.45 16.41 14.61 15.84 

Note: 
†cone penetration method (see Section 3.1 for details); ‡conventional rolling thread method (see Section 3.1 for details); *clay with intermediate 

plasticity; and #clay with high plasticity. 
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Table 2. Physical properties and chemical composition of ground rubber (GR). 

Properties Value/Description 

Physical properties 

Solubility in water Insoluble 

Water adsorption Negligible (< 4%) 

Resistance to acid/alkaline Excellent  

Softening point (oC) 170 

Specific gravity, Gsr 1.09 

Grain–size distribution and classification† 

D10 (mm)‡ 0.182 

D30 (mm) 0.334 

D50 (mm) 0.478 

D60 (mm) 0.513 

Coefficient of uniformity, Cu
* 2.81 

Coefficient of curvature, Cc
# 1.20 

USCS classification Poorly–graded sand (SP) 

Chemical composition 

Styrene–Butadiene copolymer (%) 55 

Acetone extract (%) 5–20 

Carbon black (%) 25–35 

Zinc oxide (%) 2–3 

Sulphur (%) 1–3 

Note: 
†ASTM D422–07 method; ‡particle dimeter corresponding to 10% finer; *Cu=D60/D10; and 
#Cc=D30

2/D10D60. 
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Figure 1. Ground rubber (GR) particles at different magnification ratios (modified from Soltani et al. (2018b)): (a) 1x magnification; (b) 50x 

magnification; and (c) 200x magnification. 
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Figure 2. Variations of the conventional plasticity index against the flow index for the virgin 

clays. 
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Figure 3. Flow curves for the virgin clays and various GRC blends: (a) soil K; (b) soil RC1; (c) soil KB; and (d) soil RC2. 
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Figure 4. Variations of the consistency limits against rubber content for the virgin clays and various GRC blends: (a) soil K; (b) soil RC1; (c) 

soil KB; and (d) soil RC2. 
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Figure 5. Location of the tested mix designs on Casagrande’s plasticity chart: (a) soils K and 

KB; and (b) soils RC1 and RC2. 
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Figure 6. Standard Proctor compaction curves for the virgin clays and various GRC blends: (a) soil K; (b) soil RC1; (c) soil KB; and (d) soil 

RC2. 
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Figure 7. Variations of the compaction characteristics against rubber content for the tested 

mix designs: (a) optimum water content; and (b) maximum dry unit weight. 
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Figure 8. Variations of the optimum water content against the consistency limits for the 

tested mix designs: (a) liquid limit; (b) plastic limit; and (c) plasticity index. 
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Figure 9. Variations of the maximum dry unit weight against the dry unit weight at plastic 

limit for the tested mix designs. 
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Figure 10. Variations of both the actual and predicted compaction data against rubber content 

for the tested mix designs: (a) optimum water content (predicted by Equation 4); and (b) 

maximum dry unit weight (predicted by Equation 6). 
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Abstract 

This study examines the effect of two types of recycled tire rubber of fine (1.18–0.075 mm) and 

coarse (4.75–1.18 mm) category on the swell–shrink–consolidation behavior of a highly 

expansive soil mixture. Each of the two rubber choices were incorporated into the soil at four 

different contents (i.e. rubber to dry soil mass ratio) of 5%, 10%, 20% and 30%. The 

experimental program consisted of consistency limits, compaction, swell–consolidation, swell–

shrink and unconfined compression tests. Improvement in the swell–shrink–consolidation 

capacity was in favor of higher rubber contents; however, when excessively included raised 
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strength concerns. The swell–shrink–consolidation properties were also rubber size–dependent, 

meaning that the rubber of coarser size often outperformed the finer rubber. In terms of strength, 

however, the two rubber types promoted similar results with marginal differences. The results 

of the unconfined compression tests were cross checked with the swell–shrink–consolidation 

properties to arrive at the optimum stabilization scenarios. A maximum rubber inclusion of 

10%, preferably the rubber of coarser category, proved to satisfy the stabilization objectives 

(i.e. decrease in the swell–shrink–consolidation capacity as well as maintaining or improving 

the strength), and thus was deemed as the optimum choice. Where context changes and the 

strength and stiffness is not a primary concern, higher rubber inclusions up to 20% may also be 

considered acceptable. 

Keywords: Expansive soils; Recycled tire rubbers; Rubber content and size; Swell–shrink–

consolidation; Unconfined compression.  
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1. Introduction 

Expansive soils are low–graded due to their inferior engineering characteristics (e.g. low 

strength, high compressibility, and a high potential for swelling and shrinkage), and thus are 

characterized as unsuitable construction materials for the majority of engineering applications 

(Dif and Bluemel 1991; Nalbantoglu 2006; Estabragh et al. 2013a). Where exposed to seasonal 

environments, such soils are prone to significant volume changes, i.e. heave and settlements, 

thereby causing instability concerns to the overlying structures. Such concerns have incurred a 

large amount of maintenance costs, and therefore demand engineering solutions to alleviate the 

associated socio–economic impacts on human’s life (Jones and Jefferson 2012). Stabilization 

of expansive soils is often achieved through two approaches, i.e. chemical and mechanical 

techniques (Winterkorn and Pamukcu 1991). Chemical techniques mainly involve the addition 

of chemical binders, i.e. traditional (e.g. cement, lime and fly–ash) or non–traditional (e.g. 

polymers, sulfonated oils, resins and enzymes), to the soil mass, thereby amending the soil 

fabric into a coherent matrix of restricted heave/settlement and induced strength (e.g. Al-Rawas 

et al. 2005; Mirzababaei et al. 2009; Thyagaraj and Zodinsanga 2014; Onyejekwe and Ghataora 

2015; Alazigha et al. 2016; Jha and Sivapullaiah 2016; Soltani et al. 2017a). The mechanical 

approach makes use of compaction with the aid of reinforcements. Conventional 

reinforcements include fibers of synthetic (e.g. polypropylene, steel and nylon) or natural (e.g. 

coir and palm) origin (e.g. Cai et al. 2006; Al-Akhras et al. 2008; Viswanadham et al. 2009a, 

2009b; Mirzababaei et al. 2013a; Olgun 2013; Estabragh et al. 2014, 2016; Phanikumar and 

Singla 2016; Shahbazi et al. 2017; Mirzababaei et al. 2017a, 2017b; Soltani et al. 2017b). As the 

global community is shifting towards a more sustainable mindset, alternate stabilization 

techniques capable of replacing or minimizing the use of such conventional agents have been 

highly encouraged. Beneficial reuse of solid waste materials and industrial by–products may be 

regarded amongst the most well–received propositions in this context. The proposition not only 

addresses the expansive soil problem, but also offers a sound solution to minimizing the 

environmental impacts associated with waste materials. 

Discarded tires have become an ongoing environmental crisis, particularly in industrialized 

countries where tire stockpiles have reached alarming volumes. In Australia, for instance, it is 

estimated that 48 million tires are disposed each year, signifying a relative abundance of waste 

tires available for beneficial reuse (Hannam 2014). Waste tires have excellent mechanical 

properties (e.g. durability, resiliency and frictional resistance), promoting them as an attractive 

material for geotechnical applications such as soil stabilization (Zornberg et al. 2004). Similar 
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to fiber–reinforced soils, the rubber assemblage randomly distributes in the soil regime, and 

where optimized in dosage and geometry, could potentially ameliorate the expansive soil with 

respect to moisture insensitivity (i.e. swell–shrink related volume changes), compressibility, 

strength and ductility (e.g. Edil and Bosscher 1994; Cetin et al. 2006; Akbulut et al. 2007; Seda 

et al. 2007; Özkul and Baykal 2007; Dunham-Friel and Carraro 2011; Garcia et al. 2011; Patil 

et al. 2011; Trouzine et al. 2012; Kalkan 2013; Srivastava et al. 2014; Signes et al. 2016; Yadav 

and Tiwari 2017). As such, the rubber–reinforcement mechanism is expected to be primarily a 

function of rubber content. However, the rubber’s geometrical properties, hereafter referred to 

as rubber size, could also portray an equally important role in yielding an effective stabilization 

scheme. The latter should be somewhat similar to the aspect ratio (i.e. fiber length to diameter 

ratio) in fiber–reinforced soils, which has been well documented in the aforementioned fiber–

reinforcement literature (e.g. Estabragh et al. 2014; Phanikumar and Singla 2016; Soltani et al. 

2017b). With rubbers, however, this aspect has not yet been adequately addressed in the 

literature (e.g. Cetin et al. 2006; Srivastava et al. 2014), in what can describe the rubber–

reinforcement technique as an ad hoc stabilization solution demanding further examination. 

To address the uncertainties associated with selecting effective soil–rubber proportions, this 

study intends to evaluate the effect of two types of recycled tire rubber of fine and coarse 

category on the swell–shrink–consolidation behavior of a highly expansive soil mixture. A 

series of unconfined compression tests were also carried out, and the results where cross 

checked with the swell–shrink–consolidation properties to arrive the optimum stabilization 

scenarios. 

2. Materials and Methods 

2.1. Expansive Soil 

Commercially available kaolinite and bentonite were used for this study. A mixture of 85% 

kaolinite and 15% bentonite was selected as the expansive soil for further experimental work. 

This mixture, hereafter simply referred to as soil, was characterized as clay with high plasticity 

(CH) in accordance with the Unified Soil Classification System (USCS). Mechanical properties 

of kaolinite, bentonite and the kaolinite–bentonite mixture, determined as per relevant ASTM 

or Australian standards, are summarized in Table 1. Chemical composition of the kaolinite and 

bentonite, as supplied by the manufacturer, are provided in Table 2. The free swell ratio for 

kaolinite, bentonite and the kaolinite–bentonite mixture was 1.19, 7.53 and 2.91, from which 
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these soils were graded into lowly expansive, very highly expansive and highly expansive with 

respect to the classification criteria proposed by Prakash and Sridharan (2004), respectively. 

2.2. Tire Rubbers 

Two types of commercially available recycled tire rubber, commonly traded as rubber crumbs 

and rubber buffings (a by–product of the tire retreading process), were used as the 

reinforcements. Hereafter, these rubber types will be referred to as rubbers A and B, 

respectively. The grain–size distribution curves for kaolinite, bentonite, and rubbers A and B, 

determined as per the ASTM D422 (2007) standard, are shown in Figure 1. Rubber A can be 

assumed similar in size to fine sand, having an average particle size ranging between 1.18 mm 

and 75 μm (d50=0.478 mm). Rubber B, however, falls into the coarse sand category, having an 

average particle size ranging between 4.75 mm and 1.18 mm (d50=1.582 mm). Both rubber 

types can be classified as poorly–graded sand or SP (in accordance with USCS) corresponding 

to uniformity and curvature coefficients of Cu=2.81 and Cc=1.20 for rubber A, and Cu=1.56 and 

Cc=1.04 for rubber B. Each of the two rubber choices were incorporated into the soil at four 

different contents (defined as rubber to dry soil mass ratio), i.e. Rc=5%, 10%, 20% and 30%. 

Physical and chemical properties, as supplied by the manufacturer, along with a photograph (to 

scale) of the rubber particles are provided in Table 3 and Figure 2, respectively. 

2.3. Sample Preparation 

A series of standard Proctor compaction tests were carried out on the natural soil and various 

soil–rubber mixtures in accordance with the ASTM D698 (2012) standard, and the results are 

provided in Figures 3a and 3b for rubbers A and B, respectively. The specific gravity of soil–

rubber mixtures, as shown in Figure 3, was estimated by the theoretical relationship proposed 

by Trouzine et al. (2012). Rubber–reinforcement led to a noticeable decrease in both the 

optimum water content ωopt and the maximum dry unit weight γdmax (see the compaction paths 

in Figure 3). The compaction behavior, however, was observed to be independent from the 

rubber size. Decrease in ωopt and γdmax can be attributed to the lower specific gravity, specific 

surface area and water adsorption capacity of rubber particles compared to soil grains (Özkul 

and Baykal 2007; Kalkan 2013; Signes et al. 2016). 

Samples for the swell–shrink–consolidation test (see Section 2.4.1) were prepared by the static 

compaction technique at dry of optimum condition (i.e. ω0=ωopt–5% and its corresponding dry 
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unit weight γd0). The required amount of water corresponding to the desired water content (see 

ω0 in Table 4) was added to each mixture, and thoroughly mixed by hand. Extensive care was 

dedicated to pulverize the lumped particles, targeting homogeneity of mixtures. Mixtures were 

then enclosed in plastic bags and stored under room temperature conditions for 24 hours, 

ensuring even distribution of moisture throughout the soil mass. A special split mold, similar 

to that described in Soltani et al. (2017c), was designed and fabricated from stainless steel to 

accomplish static compaction. The mold consisted of three sections, i.e. the top collar, the 

middle oedometer ring and the bottom collar. The oedometer ring measures 50 mm in diameter 

and 20 mm in height, and accommodates the sample for the swell–shrink–consolidation test. 

The mixtures were gradually compressed in the mold in three layers to a specific compaction 

load, each layer having attained the target dry unit weight (see γd0 in Table 4). The inner surface 

of the mold was smeared with a thin layer of silicon grease to avoid friction during compaction. 

The surface of the first and second compacted layers were scarified to ensure a good bond 

between adjacent layers of the mixture. Samples for the unconfined compression (UC) test (see 

Section 2.4.2) were prepared in a similar fashion. In this case, however, a different mold, 

resulting in samples measuring 50 mm in diameter and 100 mm in height, along with five 

compaction layers was adopted. In addition, the UC samples were prepared at optimum 

condition (see ωopt and γdmax in Table 4). Mechanical properties of the prepared samples 

including the consistency limits and the initial placement conditions are summarized in Table 

4. For natural soils, the optimum water content ωopt can be estimated by means of the plastic 

limit PL through ωopt=0.92PL (Gurtug and Sridharan 2002, 2004; Sridharan and Nagaraj 2005). 

Interestingly, the same holds true for various soil‒rubber mixtures (see Table 4). 

2.4. Test Procedure 

2.4.1. Swell–Shrink–Consolidation Test 

Samples were subjected to a series of swell–shrink–consolidation tests. A typical illustration of 

the test scheme is provided in Figure 4. The swell–consolidation phase, carried out in 

accordance with the ASTM D4546 (2014) standard, includes two stages, i.e. swell and 

consolidation. In the first stage, the desired sample is allowed to freely swell under a low 

nominal overburden stress of σ′0=1 kPa. The incurred swelling strain was recorded during 

various time intervals to a point in which swell–time equilibrium, a state corresponding to the 

sample’s swelling potential (defined as the ultimate swelling strain), could be achieved (see 

path O→A in Figure 4a). During consolidation, the swollen sample, now at state A, is gradually 
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loaded to counteract the built–up swelling strain. The stress required to retain the sample’s 

initial placement or void ratio is taken as the swelling pressure (Sridharan et al. 1986). Upon 

completion of the loading scheme, the sample is gradually unloaded back to σ′0=1 kPa (see path 

A→B1 for loading, and path B1→C for unloading in Figure 4b). Test results are presented in 

the form of swelling strain–time (for the swell stage) and void ratio–effective stress (for the 

consolidation stage) curves plotted over a semi–log space (see Figures 4a and 4b, respectively). 

The swell–shrink phase also consists of two stages, i.e. swell and shrink. The swell component 

is essentially similar to that described in the swell–consolidation test. During the shrink stage, 

the swollen sample, now at state A, is allowed to desiccate under a constant temperature of 40 

oC. The volumetric shrinkage strain along with the corresponding water content were directly 

measured during various time intervals to a point in which shrinkage ceases (see path A→B2 in 

Figure 4c). The volumetric shrinkage strain was measured by the volume displacement 

technique outlined in the ASTM D427 (2004) standard, which has also been commonly adopted 

in the literature (e.g. Sibley and Williams 1989; Hanafy et al. 1991; Subba Rao et al. 2000; 

Tripathy et al. 2002; Tripathy and Subba Rao 2009). For the shrink stage, test results are 

presented in the form of void ratio–water content curves plotted over an arithmetic space (see 

Figure 4c). 

2.4.2. Unconfined Compression Test 

The unconfined compression test was carried out in accordance with the ASTM D2166 (2016) 

standard. The samples were compressed by a constant displacement rate of 1 %/min, as 

commonly adopted in the literature (e.g. Ang and Loehr 2003; Fatahi et al. 2012; Signes et al. 

2016). To ensure sufficient accuracy, triplicate samples were tested for each scenario. Axial 

stress and its corresponding axial strain were recorded during various loading stages to a point 

in which maximum axial stress required for sample failure, denoted as qu, and its corresponding 

axial strain, denoted as εu, could be achieved. The area under the stress–strain curve up to qu 

and εu — a measure of the material’s toughness defined as strain energy at peak Ep (Maher and 

Ho 1994; Mirzababaei et al. 2013b) — was also obtained for the tested samples. 
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3. Results and Discussion 

3.1. Effect of Rubbers on the Swelling Potential 

Swelling strain–time curves, represented by the two–parameter rectangular hyperbola function 

(e.g. Dakshanamurthy 1978; Sivapullaiah et al. 1996; Sridharan and Gurtug 2004), for the 

natural soil and various soil–rubber composites are provided in Figures 5a and 5b for rubbers 

A and B, respectively. As a result of rubber–reinforcement, the swelling strain–time locus 

experienced a major downward shift over the εsw:logt space (εsw=swelling strain; and t=time), 

indicating a significant reduction in the magnitude of exhibited swelling strain, and thus 

swelling potential (defined as the ultimate swelling strain) compared to the natural soil. At t=24 

hours, for instance, the natural soil displayed a swelling strain of εsw(t)=15.23%, while the 

inclusion of 5%, 10%, 20% and 30% rubber A resulted in εsw(t)=14.99%, 11.82%, 9.01% and 

7.67%, respectively (see Figure 5a). Similar inclusions of rubber B, however, exhibited a 

slightly more pronounced decreasing trend where the above given values dropped to 

εsw(t)=13.67%, 11.44%, 8.01% and 7.21%, respectively (see Figure 5b). The natural soil and 

soil–rubber A mixtures corresponding to Rc=5%, 10%, 20% and 30% resulted in swelling 

potential values of Sp=18.35%, 16.02%, 13.01%, 11.17% and 9.56%, respectively. For similar 

inclusions of rubber B, these values further decreased to Sp=14.74%, 12.18%, 9.02% and 

8.11%, respectively. 

A typical swell path (see path O→A in Figure 4a), plotted over a semi–log space, develops 

into an S–shaped curve, and thus can be divided into three regions, i.e. the initial, primary and 

secondary swelling, which are defined as phases during which swelling takes place 

(Dakshanamurthy 1978; Sivapullaiah et al. 1996; Sridharan and Gurtug 2004; Rao et al. 2006; 

Soltani et al. 2017c). The initial swelling phase, also recognized as inter–void or inter–

crystalline swelling, rapidly evolves at macro–structural level, and is accompanied by small 

volume changes (i.e. εisw ≤ 0.1Sp). The primary swelling phase constitutes for up to 80% of the 

total volume increase (i.e. εpsw ≈ 0.8Sp), and is graphically bounded by the initial and primary 

swelling time margins (see Figure 4a). The secondary swelling phase occurs as a result of 

double–layer repulsion, which results in small time–dependent volume changes. In comparison 

to initial swelling, both the primary and secondary swelling phases evolve at micro–structural 

level where the swelling of active minerals takes place. Critical variables obtained from the S–

shaped swell curve are useful concepts capable of describing the time–dependency nature of 

the swelling phenomenon under field conditions (Sridharan and Gurtug 2004). These variables, 
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defined by a conventional graphical construction as depicted in Figure 4a, can be categorized 

as: 

• Completion time of the initial and primary swelling phases, i.e. tisw and tpsw. 

• Initial, primary and secondary swelling strains, i.e. εisw, εpsw and εssw, where Sp=εisw+εpsw+εssw. 

• Primary and secondary swelling rates, i.e. Cpsw and Cssw, which are defined as: 
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where tssw=completion time of the secondary swelling phase (≈ 240 hours). 

Figures 6a and 6b illustrate the variations of Cpsw and Cssw against rubber content for the tested 

samples, respectively. The rubber inclusions led to a noticeable reduction in Cpsw and Cssw, 

indicating a capacity to counteract the heave in both magnitude and time. The greater the rubber 

content the greater the decrease in Cpsw, following a monotonic trend. Rubber contents greater 

than 5%, however, did not further deviate Cssw. Rubber B consistently outperformed rubber A 

by exhibiting lower swelling rates for similar rubber inclusions. The natural soil resulted in 

Cpsw=8.38×10–2 and Cssw=2.56×10–2. As a typical case, these values, respectively, dropped to 

5.89×10–2 and 1.54×10–2 for rubber A, and 5.58×10–2 and 1.19×10–2 for rubber B where 

Rc=10%. 

3.2. Effect of Rubbers on the Consolidation Behavior 

Void ratio–effective stress consolidation curves for the natural soil and various soil–rubber 

composites are provided in Figures 7a and 7b for rubbers A and B, respectively. A typical 

consolidation curve with respect to the loading stage (see path A→B1 in Figure 4b), plotted 

over a semi–log space, develops into a two segment–curvilinear relationship, and thus can be 

divided into two regions, i.e. the elastic and elasto–plastic compression, which are defined as 

phases during which consolidation takes place (Sridharan et al. 1991). The two regions are 
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separated by the yield stress, which is commonly interpreted by means of conventional 

graphical constructions implemented to the e–logσ′ or loge–logσ′ curve (e=void ratio; and 

σ′=effective stress). Recently, the authors have proposed a subjective–free framework for 

determination of the yield stress with respect to four common graphical constructions, i.e. the 

maximum curvature method (Casagrande 1936), the Silva method (Pacheco Silva 1970), the 

RCL–VCL intercept method (RCL=recompression line; and VCL=virgin compression line), 

and the log–log method (Jose et al. 1989; Sridharan et al. 1991). Adopting the proposed 

framework in Soltani et al. (2017d), the average of the four graphical constructions was 

calculated for each sample, and the results are provided in the form of yield stress paths in 

Figure 7. Rubber–reinforcement led to a slight increase in the yield stress. Natural soil 

exhibited a yield stress of σ′y=17.73 kPa. Maximum increase in σ′y was observed in the case of 

30% rubber inclusion, which resulted in σ′y=23.42 kPa and 22.10 kPa for rubbers A and B, 

respectively. 

Figures 8a and 8b illustrate the variations of the compression index Cc (=slope of the VCL in 

Figure 4b) and the swell index Cs (=slope of the unloading path ‘B1→C’ in Figure 4b) against 

rubber content for the tested samples, respectively. The rubber inclusions led to a noticeable 

reduction in Cc and Cs, indicating a capacity of counteracting material collapse when stressed. 

The greater the rubber content the lower the Cc and Cs values, following a monotonic trend. 

Rubber B often outperformed rubber A in terms of lower Cc values. Regarding Cs, however, 

the performance of both rubber types seemed to be on par with each other. The natural soil 

resulted in Cc=0.249 and Cs=0.136. As a typical case, these values, respectively, dropped to 

0.191 and 0.087 for rubber A, and 0.187 and 0.078 for rubber B where Rc=20%. 

Rubber–reinforcement altered the void ratio–effective stress locus, resulting in a major 

downward shift over the e:logσ′ space. As a result, major variations were observed in the 

swelling pressure (see the swelling pressure paths in Figure 7). Figure 9 illustrates the 

variations of swelling pressure and swelling potential against rubber content for the tested 

samples. The variations of swelling pressure Ps followed a trend quite similar to that of swelling 

potential Sp, indicating that the greater the rubber content the greater the decrease in Sp and Ps. 

For Ps, however, Rc=30% promoted similar results to Rc=20% with marginal differences, 

indicating a maximum rubber inclusion of 20% being sufficient to counteract the swelling 

properties. Similar to Sp, soil–rubber B mixtures consistently outperformed similar samples 

reinforced with rubber A. The natural soil and soil–rubber mixtures corresponding to Rc=5%, 

10%, 20% and 30% resulted in Ps=120.3 kPa, 99.6 kPa, 70.0 kPa, 54.1 kPa, and 51.4 kPa, 
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respectively. With rubber B, these values dropped to Ps=73.0 kPa, 51.0 kPa, 32.2 kPa and 33.6 

kPa, respectively. 

The secondary consolidation characteristics were studied under an effective stress of σ′=50 kPa, 

and the results are provided in Figure 10. The completion time of the primary consolidation 

stage tpc decreased due to the inclusion of rubber A (see Figure 10a). This effect, however, was 

less apparent for samples reinforced with rubber B, which essentially did not deviate tpc (see 

Figure 10b). The secondary consolidation rate Csc can be defined as: 
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where εc(t)=compression strain with respect to elapsed time t; εsc=secondary consolidation 

strain; and tsc=completion time of the secondary consolidation stage (=24 hours). 

As a result of rubber–reinforcement, the secondary consolidation rate exhibited a noticeable 

decreasing trend, indicating a capacity to counteract the settlement in both magnitude and time. 

The natural soil resulted in Csc=7.28×10–3. Where reinforced with 5%, 10%, 20% and 30% 

rubber A, Csc dropped to 6.05×10–3, 5.57×10–3, 5.34×10–3 and 5.02×10–3, respectively. Similar 

inclusions of rubber B, however, promoted slightly greater values, while still maintaining a 

noticeable advantage over the natural soil. In this case, Rc=5%, 10%, 20% and 30% resulted in 

Csc=6.74×10–3, 6.68×10–3, 5.88×10–3 and 4.94×10–3, respectively. It is noteworthy to cross 

check the resulted trends for Csc with Cssw, which are expected to be somewhat consistent and 

comparable (Sridharan and Gurtug 2004; Phanikumar and Singla 2016). 

3.3. Effect of Rubbers on the Shrinkage Potential 

Void ratio–water content shrinkage curves, represented by the four–parameter logistic function 

(e.g. McGarry and Malafant 1987; Peng and Horn 2005; Thyagaraj et al. 2017), along with 

corresponding 100% saturation lines, for the natural soil and various soil–rubber composites 

are provided in Figures 11a and 11b for rubbers A and B, respectively. The four–parameter 

logistic function can be given as: 
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where essw=void ratio at the swollen state A (i.e. the end of secondary swelling, as shown in 

Figure 4c); ersh=void ratio at the fully desiccated state B2 (see Figure 4c); and α and β=fitting 

parameters (α and β > 0). 

Similar to the swell path, a typical shrink path (see path O→B2 in Figure 4c) develops into an 

S–shaped curve, and thus can be divided into three regions, i.e. the structural, primary and 

residual shrinkage, which are defined as phases during which shrinkage takes place (Haines 

1923; Tripathy et al. 2002; Cornelis et al. 2006; Estabragh et al. 2013b, 2015). In the structural 

shrinkage phase, the decrease in volume of the soil is less than the volume of water lost from 

the stable void spaces. This portion of the shrinkage curve constitutes for small volume changes, 

and is graphically represented by a mild–sloped curvilinear relationship. During primary 

shrinkage, also commonly referred to as normal shrinkage, the decrease in volume of the soil 

is essentially equal to the volume of lost water, thereby preventing the entrance of air into the 

soil pores. This portion of the shrinkage curve is represented by a steep–sloped linear 

relationship, which is theoretically parallel to the Sr=100% saturation line. The primary 

shrinkage phase extends up to the shrinkage limit, which marks a transitional state where the 

rate of volume change rapidly decreases, i.e. Δe/Δω→0. The majority of volume decrease takes 

place during the primary shrinkage phase. Completion of the primary shrinkage phase is further 

accompanied by residual shrinkage, where the entrance of air is allowed into the soil pores, 

thereby resulting in air–filled porosity. As a consequence of particles coming in contact, the 

decrease in volume of the soil becomes less than the volume of lost water. The magnitude of 

structural, primary and residual shrinkage strains, i.e. εssh, εpsh and εrsh, can be obtained by the 

following relationships (Mishra et al. 2008; Thyagaraj et al. 2017): 
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where as outlined in Figure 4c, essw=void ratio at the swollen state A (i.e. the end of secondary 

swelling); essh=void ratio at the end of structural shrinkage; epsh=void ratio at the end of primary 

shrinkage (or at the shrinkage limit); and ersh=void ratio at the fully desiccated state B2. 

The total shrinkage strain, denoted as the shrinkage potential, can be defined as 

SHp=εssh+εpsh+εrsh. The shrinkage strains and the shrinkage limit for the tested samples are 

presented in Table 5. The shrinkage strains demonstrated a rubber content–dependency, 

meaning that the greater the rubber content the lower the shrinkage strains. The effect of rubber 

size, however, was observed to be marginal for the majority of cases. The shrinkage potential 

demonstrated a trend similar to that observed for the swelling potential. The natural soil 

displayed a shrinkage potential of SHp=28.60%. Soil–rubber A mixtures corresponding to 

Rc=5%, 10%, 20% and 30% resulted in SHp=23.44%, 21.30%, 18.27% and 15.30%, 

respectively. Similar inclusions of rubber B promoted slightly lower values, and were measured 

as SHp=24.61%, 20.44%, 16.01% and 14.04%, respectively. As a result of rubber–

reinforcement, the shrinkage limit experienced a minor increase; however, the resulted 

variations were observed to be less dependent on rubber content and rubber size. The shrinkage 

limit is primarily a result of the “packing phenomenon” (i.e. optimal packing of soil particles 

during drying), which in turn is governed by the grain–size distribution of the soil. As the soil’s 

gradation becomes more and more uniform/poor (reduced packing capacity), the shrinkage 

limit tends to increase (Sridharan and Prakash 1998). The rubber particles used in this study are 

both classified as poorly–graded sand (see Figure 1). As such, the addition of the poorly–graded 

rubber to the well–graded soil offsets the well–distributed gradation of the host soil, and thus 

gives rise to higher shrinkage limits. Consequently, this mechanism is expected to be in line 

with rubber content. The greater the rubber content the more uniform/poor the grain–size 

distribution, and thus the higher the shrinkage limit. 

3.4. Effect of Rubbers on the Strength Properties 

Stress–strain curves, obtained from the unconfined compression tests, for the natural soil and 

various soil–rubber composites are provided in Figures 12a and 12b for rubbers A and B, 

respectively. The natural soil displayed a peak strength of qu=113 kPa, while the inclusion of 
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5% rubbers A and B resulted in qu=129 kPa and 142 kPa, respectively. With Rc=10%, qu 

dropped to 128 kPa (for rubber A) and 127 kPa (for rubber B), which still maintains a noticeable 

advantage over the natural soil. Higher rubber inclusions, i.e. 20% and 30%, however, gave rise 

to lower qu values compared to that observed for the natural soil (i.e. qu=102kPa and 98 kPa for 

20% rubbers A and B; and qu=72 kPa and 88 kPa for 30% rubbers A and B). It is noteworthy 

to cross check qu with Sp, Ps and SHp, which are in favor of a higher rubber content. This 

discrepancy implies that even though the rubbers are consistently effective at weaving the soil 

into a coherent matrix of restricted heave and settlement, when excessively included raise 

strength concerns. 

Figure 13 illustrates the variations of strain energy at peak Ep along with corresponding qu 

values against rubber content for the tested samples. The variations of Ep followed a trend quite 

similar to that observed for qu. A noticeable improvement in the toughness can be achieved for 

rubber inclusions equal to or less than 10%, while the higher rubber inclusions of 20% and 30% 

gave rise to less toughness. Although in terms of qu, the performance of both rubber types 

seemed to be on par with each other, soil–rubber B mixtures consistently (an exception was 

Rc=5%) promoted a higher toughness (i.e. higher Ep) compared to similar samples reinforced 

with rubber A. As optimum cases, Ep increased from 6.91 kJ/m3 for the natural soil to 9.04 

kJ/m3 and 10.84 kJ/m3 for the samples reinforced with 5% rubber A and 10% rubber B, 

respectively. The elastic stiffness modulus E50, defined as the secant modulus at 50% of the 

peak strength (Radovic et al. 2004; Iyengar et al. 2013), was also measured for the tested 

samples. In general, the greater the rubber content the lower the E50 value, following a 

monotonic decreasing trend. Expect for 5% rubber B, all samples exhibited a lower E50 

compared to the natural soil. The natural soil resulted in E50=3.15 MPa, while the inclusion of 

5%, 10%, 20% and 30% rubber A resulted in E50=2.47 MPa, 2.56 MPa, 1.69 MPa and 1.15 

MPa, respectively. Similar inclusions of rubber B did not significantly deviate the 

aforementioned values (an exception was Rc=5%), and resulted in E50=3.27 MPa, 2.19 MPa, 

1.45 MPa and 1.59 MPa, respectively. 

3.5. Amending Mechanisms 

Similar to fiber–reinforced soils, the rubber inclusions are able to amend the soil fabric through 

improvements achieved in three aspects, i.e. increase in non–expansive fraction or non–wetting 

attribute (Viswanadham et al. 2009a; Patil et al. 2011; Trouzine et al. 2012; Estabragh et al. 

2014; Soltani et al. 2017b), interlocking of rubber particles and soil grains (Tang et al. 2007, 
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2010; Kalkan 2013; Phanikumar and Singla 2016; Soltani et al. 2017b), and frictional resistive 

forces generated as a result of soil–rubber contact (Cai et al. 2006; Al-Akhras et al. 2008; 

Viswanadham et al. 2009b; Patil et al. 2011; Trouzine et al. 2012; Phanikumar and Singla 2016). 

The randomly distributed rubber particles resemble a spatial three–dimensional network in 

favor of weaving or interlocking the soil grains into a coherent matrix of restricted heave and 

settlement. The greater the number of included rubber particles, i.e. increase in rubber content, 

the more effective the interlocking effect. The frictional resistive forces grow as a consequence 

of rubber particles experiencing tensile/compressive stress in the presence of strong 

swelling/compression forces. Increase in rubber content leads to an increase in the total surface 

area, and thus a greater interfacial contact between rubber particles and soil grains. This in turn 

enhances the frictional effect between rubber particles, thereby mitigating the swell–shrink–

consolidation capacity. 

The swell–shrink–consolidation dependence on rubber size (or shape) is on par with the aspect 

ratio (i.e. fiber length to diameter ratio) in fiber–reinforced soils, and thus can be ascribed to 

the improvement mechanisms ‘interlocking’ and ‘frictional resistive forces’. Increase in rubber 

size increases the soil–rubber contacts, which in turn generates a greater net frictional resistance 

between rubbers coupled with an enhanced soil–rubber interlocking effect. This improvement 

mechanism is also in line with rubber shape. As opposed to the granular form of rubber A, the 

particles of rubber B are relatively more fiber–shaped (see Figure 2); hence, they are more 

resilient to withstand (or translate) tensile/compressive stress along their axis, which in turn 

restricts the movement of soil particles interlocked to the rubber. 

The amending mechanisms governing the soil–rubber shear strength, i.e. mechanical 

interlocking and frictional resistance, only hold provided that the rubber particles are well 

distributed in the soil regime and do not cluster (or adhere to each other) during sample 

preparation and/or external loading. At high rubber contents and potentially for the rubber of 

coarser category, the behavior of the composite at some points could be governed by a dominant 

rubber–to–rubber interaction, which though offers a notable improvement to the composite’s 

ductility, offsets the desired soil–to–rubber interaction capable of improving the composite’s 

shear strength (see Rc=20% and 30% in Figure 12). 
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4. Optimum Rubber Content and Cost Analysis 

The primary objective of any introduced stabilization scheme dealing with expansive soils 

should complement a decrease in the swell–shrink–consolidation capacity, while either 

maintaining or improving the strength–related properties (Soltani 2017). Although both rubber 

types are consistently effective at weaving the soil into a coherent matrix of restricted heave 

and settlement (i.e. improvement in the swell–shrink–consolidation capacity is in favor of 

higher rubber contents), when excessively included raise strength concerns. Based on the results 

presented in Sections 3.1 to 3.4, a maximum rubber inclusion of 10% seems to satisfy both 

objectives, and thus can be deemed as the optimum choice. Where context changes and the 

strength and stiffness is not a primary concern, higher rubber inclusions up to 20% may also be 

considered acceptable. The swell–shrink–consolidation properties were rubber size–dependent, 

meaning that the rubber of coarser size often outperformed the finer rubber. In terms of strength, 

however, the two rubber types promoted similar results with marginal differences. Therefore, 

the choice of rubber size would be dependent on design requirements/project objectives, rubber 

availability and costs. 

Table 6 summarizes a comparative cost analysis performed for the reinforcement of an assumed 

mass of 1000 kg of soil using recycled tire rubbers and conventional poly– (ester, ethylene or 

propylene) fibers. The unit price for both rubber types and poly fibers were taken in accordance 

with common prices found in South Australian markets, which are approximately 0.5 AU$/kg 

and 14.3 AU$/kg, respectively. Other costs such as transportation, labor and compaction have 

not been included as they are highly case– and region–dependent. Significant cost reduction 

can be achieved where rubbers are used as a replacement for conventional fibers. For instance, 

Rc=10% results in a total cost of 50 AU$, while the use of poly fibers at their so–called optimum 

contents, i.e. fc=0.8% and 1.5%, results in 114.4 AU$ and 214.5 AU$, respectively. Unlike 

fibers, the rubber–reinforcement technique requires a large quantity of rubber material to 

ameliorate the swell–shrink–consolidation capacity. However, in terms of total cost, it still 

maintains a significant advantage over conventional fibers. More importantly, beneficial reuse 

of recycled tires provides a sound environmental alternative to the safe disposal concern 

associated with such waste materials. The results of the cost analysis are in agreement with 

Yadav and Tiwari (2017), whom carried out a similar comparative analysis with respect to the 

Indian market. 
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5. Conclusions 

The following conclusions can be drawn from this study: 

• As a result of rubber–reinforcement, the swelling strain–time locus experienced a major 

downward shift over the semi–log space, signifying a capacity to counteract the heave in 

both magnitude and time. Improvement in the rate and potential of swelling was dependent 

on both the rubber content and the rubber size, with the former taking on a more pronounced 

role. A similar dependency was also observed for the shrinkage potential. In this case, 

however, the effect of rubber size was observed to be marginal for the majority of cases. 

• Rubber–reinforcement altered the void ratio–effective stress consolidation locus, resulting 

in a significant reduction in the swelling pressure. The variations of swelling pressure 

suggested a trend similar to that of swelling potential. In addition, the rubber inclusions led 

to a noticeable reduction in the compression and swell indices, indicating a capacity to 

counteract material collapse when stressed. The compression index was observed to be 

rubber size–dependent; however, for the swell index, the performance of both rubber types 

seemed to be on par with each other. 

• The secondary consolidation rate also exhibited a rubber content/size–dependency, 

indicating a capacity to counteract the settlement in both magnitude and time. The greater 

the rubber content the lower the secondary consolidation rate, with the finer rubber 

maintaining a slight advantage over the coarser rubber. The resulted trends for the secondary 

swelling and secondary consolidation rates were observed to be consistent and comparable. 

• The results of the unconfined compression tests were cross checked with the swell–shrink–

consolidation properties to arrive the optimum stabilization scenarios. A maximum rubber 

inclusion of 10%, preferably the rubber of coarser category, proved to satisfy the 

stabilization objectives, and thus was deemed as the optimum choice. Where context 

changes and the strength and stiffness is not a primary concern, higher rubber inclusions up 

to 20% could also be considered acceptable. 

• The cost efficiency of the rubber–reinforcement technique was compared to conventional 

poly– (ester, ethylene or propylene) fibers. Significant cost reduction can be achieved where 

rubbers are used as a replacement for conventional fibers. More importantly, beneficial 
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reuse of recycled tires provides a sound environmental alternative to the safe disposal 

concern associated with such waste materials. 
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Table 1. Mechanical properties of kaolinite, bentonite and the expansive soil. 

Properties Kaolinite Bentonite Expansive soil Standard designation 

Specific gravity, Gs 2.68 2.81 2.73 ASTM D854 (2014) 

Clay (< 2 μm) (%) 49.78 62.43 N/A† ASTM D422 (2007) 

Silt (2–75 μm) (%) 49.43 35.75 N/A 

Sand (0.075–4.75 mm) (%) 0.79 1.82 N/A 

Liquid limit, LL (%) 41.04 379.21 59.60 AS 1289.3.9.1 (2015) 

Plastic limit, PL (%) 23.67 45.18 27.28 AS 1289.3.2.1 (2009) 

Plasticity index, PI (%) 17.37 334.03 32.32 AS 1289.3.3.1 (2009) 

Free swell ratio, FSR‡ 1.19 7.53 2.91 Prakash and Sridharan (2004) 

USCS classification CI CH CH ASTM D2487 (2011) 

Optimum water content, ωopt (%) 19.82 36.34 26.00 ASTM D698 (2012) 

Maximum dry unit weight, γdmax (kN/m3) 15.67 11.74 15.07 

Note: 
†not measured; and ‡ratio of equilibrium sediment volume of 10 gr oven–dried soil passing sieve 425 μm in distilled water to that of kerosene. 
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Table 2. Chemical composition of kaolinite and bentonite (as supplied by the manufacturer). 

Properties Kaolinite Bentonite 

SiO2 (%) 64.9 63.2 

Al2O3 (%) 22.2 13.3 

TiO2 (%) 1.4 0.3 

Fe2O3 (%) 1.0 2.6 

CaO (%) 0.1 0.3 

Na2O (%) 0.2 1.9 

MgO (%) 0.6 2.2 

K2O (%) 2.7 0.2 

Acidity, pH 7.4 9.5 

LOI at 1000 oC (%)† 6.5 16.0 

CEC (meq/100mL)‡ N/A* 82 

SSA (m2/gr)# 11.2 N/A 

Note: 
†loss on ignition; ‡cation exchange capacity; *not available; and #specific surface area. 
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Table 3. Physical properties and chemical composition of the tire rubbers (as supplied by the 

manufacturer). 

Properties Value/Description 

Physical properties 

Solubility in water Insoluble 

Water adsorption Negligible 

Resistance to acid and alkaline Excellent 

Specific gravity at 20oC 1.09 

Particle size for rubber A (mm) 1.18–0.075 

Particle size for rubber B (mm) 4.75–1.18 

Softening point (oC) 170 

Chemical composition 

Styrene–butadiene copolymer (%) 55 

Acetone extract (%) 5–20 

Carbon black (%) 25–35 

Zinc oxide (%) 2.5 

Sulphur (%) 1–3 
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Table 4. Mechanical properties of the prepared samples. 

Rubber type Rc (%) Gs LL (%) PL (%) PI (%) ωopt (%) 0.92PL (%)† γdmax (kN/m3) eopt
‡ ω0 (%) γd0 (kN/m3) e0

* 

— 0 2.73 59.60 27.28 32.32 26.00 25.10 15.07 0.775 21.00 14.52 0.842 

Rubber A 5 2.54 57.03 27.02 30.01 24.77 24.86 14.63 0.706 19.77 14.16 0.763 

10 2.40 55.04 25.54 29.50 23.87 23.50 14.35 0.639 18.87 13.90 0.693 

20 2.18 51.51 23.46 28.05 21.85 21.58 13.87 0.541 16.85 13.40 0.596 

30 2.02 49.58 22.70 26.88 20.07 20.88 13.52 0.469 15.07 12.92 0.537 

Rubber B 5 2.54 56.88 26.61 30.27 24.47 24.48 14.61 0.709 19.47 14.15 0.764 

10 2.40 55.62 24.77 30.85 23.46 22.79 14.37 0.638 18.46 13.94 0.689 

20 2.18 52.44 23.27 29.17 21.15 21.41 13.86 0.543 16.15 13.43 0.593 

30 2.02 51.21 22.15 29.06 19.94 20.38 13.52 0.469 14.94 12.99 0.528 

Note: 
†predicted optimum water content; ‡initial placement condition for unconfined compression tests; and *initial placement condition for swell–shrink–

consolidation tests. 
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Table 5. Shrinkage strains and the shrinkage limit for the tested samples. 

Rubber type Rc (%) εssh (%) εpsh (%) εrsh (%) SHp (%) SL (%)† 

— 0 4.15 21.47 2.98 28.60 14.88 

Rubber A 5 2.99 17.50 2.95 23.44 17.82 

10 3.07 15.53 2.71 21.30 18.00 

20 2.49 13.62 2.15 18.27 16.25 

30 2.01 11.24 2.06 15.30 17.86 

Rubber B 5 3.54 18.16 2.92 24.61 17.67 

10 2.43 15.33 2.68 20.44 16.40 

20 1.83 12.33 1.85 16.01 15.16 

30 1.86 10.43 1.75 14.04 15.18 

Note: 
†shrinkage limit. 
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Table 6. Comparative cost analysis between rubbers and conventional fibers. 

Type of reinforcement Rc (%) fc (%)† Unit price (AU$/kg) Total cost (AU$) 

Rubber (A or B) 5 — 0.5 25.0 

10 — 50.0 

20 — 100.0 

Poly– (ester, ethylene or propylene) fiber — 0.8‡ 14.3 114.4 

— 1.5* 214.5 

Note: 
†fiber content (i.e. fiber to dry soil mass ratio); ‡suggested by Olgun (2013) and Shahbazi et al. (2017); and *suggested by Estabragh et al. (2014) 

and Soltani et al. (2017c). 
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Figure 1. Grain–size distribution curves for kaolinite, bentonite and the tire rubbers. 
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Figure 2. Tire rubbers at 50x magnification: (a) rubber A; and (b) rubber B. 
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Figure 3. Standard Proctor compaction curves for the natural soil and various soil–rubber 

mixtures: (a) rubber A; and (b) rubber B. 
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Figure 4. A typical illustration of the swell–shrink–consolidation test scheme: (a) swell path; 

(b) consolidation path; and (c) shrink path. 

 

 

 

 

S
w

e
ll
in

g
 s

tr
a
in

 :
 ε

sw
(t

)

Elapsed time : t (log scale)

Tangent paths

PrimaryInitial

t = tisw t = tpsw t = tssw

ε s
sw

ε p
sw

ε i
sw

(tssw , Sp)

O

A

(0,0)

(t50% , 0.5Sp)

Secondary

O: Initial placement
A: Swollen state

σ′0=1kPa
Inflection

point

(a)

V
o
id

 r
a
ti

o
 :
 e

Effective stress : σ′ (log scale)

σ
′=

P
s

S
w

el
l 

p
at

h

e=e0

Presumptive
yield stress

Elastic
domain

Elasto–plastic
domain

σ
′=
σ
′ y

(b)

O

Swelling
pressure

A

B1

C

O: Initial placement
A: Swollen state

σ
′ 0

=
1
k
P

a Cc

Cs



109 

  

V
o
id

 r
a
ti

o
 :

 e

Water content : ω

Tangent paths

Residual Primary

Structural

ω
=

S
L

S
h
ri

n
k
ag

e
lim

it

O

A

B2

(ωssw , essw)

(ωssh , essh)

(ωpsh , epsh)

(ωrsh , ersh)

O: Initial placement
A: Swollen state

(c)



110 

Figure 5. Swelling strain–time curves for the natural soil and various soil–rubber composites: 

(a) rubber A; and (b) rubber B. 
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Figure 6. Variations of the (a) primary and (b) secondary swelling rates against rubber 

content for the tested samples. 
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Figure 7. Void ratio–effective stress consolidation curves for the natural soil and various 

soil–rubber composites: (a) rubber A; and (b) rubber B. 
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Figure 8. Variations of the (a) compression and (b) swell indices against rubber content for 

the tested samples. 
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Figure 9. Variations of swelling pressure and swelling potential against rubber content for the 

tested samples. 
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Figure 10. Secondary consolidation characteristics (under σ′=50 kPa) for the natural soil and 

various soil–rubber composites: (a) rubber A; and (b) rubber B. 
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Figure 11. Void ratio–water content shrinkage curves for the natural soil and various soil–

rubber composites: (a) rubber A; and (b) rubber B. 
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Figure 12. Stress–strain unconfined compression curves for the natural soil and various soil–

rubber composites: (a) rubber A; and (b) rubber B. 
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Figure 13. Variations of strain energy at peak and the peak strength against rubber content for 

the tested samples. 
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Abstract 

This study presents results of an experimental program with respect to the rubber’s capacity of 

ameliorating the inferior characteristics of expansive soils. Two rubber types of fine and coarse 

categories were each examined at four different contents (by weight), i.e. Rc=5%, 10%, 20% 

and 30%. The experimental program consisted of unconfined compression, split tensile, direct 

shear and desiccation–induced crack tests. Improvement in cracking intensity and shear 

strength were in favor of higher rubber contents. However, rubber contents greater than 10% 
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raised failure concerns during compression and/or tension, attributed to the clustering of rubber 

particles under non–confinement testing conditions. Although the rubber of coarser category 

slightly outperformed the finer rubber, the effect of larger rubber size was mainly translated to 

higher ductility, lower stiffness and higher energy adsorption capacity rather than peak strength 

improvements. A multiple linear regression model was suggested to quantify the shear strength 

as a function of the composite’s index properties. The swelling properties (previously 

investigated by the authors) were revisited and cross–checked with the strength properties to 

arrive at the optimum rubber content. In this case, Rc=10% satisfied a notable decrease in the 

swell–shrink capacity as well as improving the strength–related properties. 

Keywords: Expansive soil; Rubber content and size; Unconfined compression; Split tensile; 

Direct shear; Rubber–clustering; Cracking intensity; Swelling; Multiple linear regression.  
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Abbreviations 

DS   direct shear 

MLR   multiple linear regression 

ST   split tensile 

UC   unconfined compression 

USCS   unified soil classification system 

Notation 

CIF   crack intensity factor 

cp   peak cohesion intercept 

CRF   crack reduction factor 

E50   elastic stiffness modulus 

Es   peak strain energy (ST test) 

Eu   peak strain energy (UC test) 

MAPE   mean absolute percentage error 

NRMSE  normalized root mean squares error 

qs   peak ST strength 

qu   peak UC strength 

R2   coefficient of determination 

Rc   rubber content 

RMSE   root mean squares error 

SSA   specific surface area 

w0   initial water content 

wopt   optimum water content 

β0 to β5  MLR fitting parameters 

γd0   initial dry unit weight 

γdmax   maximum dry unit weight 

γp   failure shear strain (DS test) 

εs   failure diametrical strain (ST test) 

εsw   swelling potential 

εu   failure axial strain (UC test) 

σn   normal stress 

σsw   swelling pressure 

τcr   critical shear strength 

τp   peak shear strength 

φp   peak friction angle  
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1. Introduction 

Expansive soils are amongst the most significant, widespread, costly and least publicized 

geologic hazards. Such soils are characterized as poor–quality construction materials, owing to 

their inferior engineering characteristics including low strength (and bearing capacity), high 

compressibility, and high potential for swelling/shrinkage (Nalbantoglu 2006; Estabragh et al. 

2013a). Where exposed to seasonal environments, the expansive soil exhibits significant volume 

changes as well as desiccation–induced cracking, thereby bringing forth instability concerns to 

the overlaying structures and hence incurring large amounts of maintenance costs (Gourley et 

al. 1994; Estabragh et al. 2018). In a typical year, expansive soils can cause a greater financial 

loss to property owners than earthquakes, floods, hurricanes and tornadoes combined (Nelson 

and Miller 1992). Over the past decade, the adverse effects of expansive soils have cost the 

UK’s economy an estimated £3 billion, thus making it the most damaging geohazard in the UK 

today (Jones and Jefferson 2012). In the USA, for instance, the estimated damage to structures 

founded on expansive soils exceeds $13 billion per annum (Dunham-Friel and Carraro 2011). 

Consequently, expansive soils demand engineering solutions to alleviate the adverse socio–

economic impacts on human’s life. 

Common solutions to counteract the adversities associated with expansive soils include soil 

replacement or attempting to improve the low–graded expansive soil by means of stabilization 

techniques. The latter is often preferred, since the former is often impractical due to haul 

distances and economic considerations (Estabragh et al. 2013b). Soil stabilization techniques 

are often categorized as chemical, mechanical or combined chemical–mechanical approaches 

(Soltani et al. 2017a). Chemical techniques involve the addition of chemical agents to the soil 

mass, e.g. cement, lime, fly ash and polymers, which act as potential binders by entwining 

within the soil grains, thereby amending the soil fabric into a coherent matrix of restricted 

heave/settlement and induced strength (e.g. Sezer et al. 2006; Mirzababaei et al. 2009; 

Estabragh et al. 2013a, 2013b; Calik and Sadoglu 2014; Thyagaraj and Zodinsanga 2014; Soltani 

et al. 2017b; Alazigha et al. 2018). Conventional cementitious agents, though proven effective, 

encounter a series of concerning disadvantages: i) reduction in material workability (or 

ductility); ii) low durability against local environmental conditions (e.g. organic matter, 

sulfates, alternate wetting–dying and acidic/alkaline flows); iii) high transportation costs; and 

iv) environmental concerns due to greenhouse gas emissions (Sivapullaiah et al. 2000; Puppala 

et al. 2004; Khattak and Alrashidi 2006; Guney et al. 2007; Estabragh et al. 2014). The 

mechanical stabilization scheme makes use of compaction with the aid of reinforcements such 
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as natural and synthetic fibers (e.g. Mirzababaei et al. 2013a, 2013b; Estabragh et al. 2016; Qu 

and Zhao 2016; Mirzababaei et al. 2017, 2018; Soltani et al. 2018a). Such products, while 

prevailing the environmental concerns raised with chemical techniques, suffer from other 

disadvantages: i) the lack of standardized laboratory test methods for effective prediction of 

field performance; ii) high manufacturing costs associated with synthetic fibers; iii) 

biodegradability of natural fibers; and iv) availability issues (limited stock) in some sites. 

Environmentally sustainable and cost–effective stabilization alternatives capable of minimizing 

(or replacing) the need for conventional construction materials have recently gained increased 

attention. Beneficial reuse of solid waste materials and industrial by–products (such as waste 

tire rubbers) are amongst the most well–received propositions in this context. The proposal not 

only intends to address the geotechnical–related issue associated with problematic soils, but 

also encourages recycling, mitigates the burden on the environment and assists waste 

management (Jayasree et al. 2015; Alazigha et al. 2016; Kua et al. 2017). 

Discarded tires are amongst the largest and most problematic sources of solid waste, owing to 

the large volumes produced and their durability. Given the high–volume generation and 

disposal of waste tire rubbers every year throughout the world, a major concern hitherto has 

been the space required for storing and transporting such waste materials, and the resulting 

health hazards and costs (Thomas et al. 2016; Yadav and Tiwari 2017a). Those characteristics 

which make waste tire rubbers such a problem while being landfilled, make them one of the 

most reusable waste materials for engineering applications, as the rubber is resilient, lightweight 

and skin–resistive (Edil and Bosscher 1994; Zornberg et al. 2004). Highly elastic and strong–

friction polymer materials such as recycled tire rubbers not only alter the fabric and structure 

of the soil, but also amend the bonding along the interface (or contact) between the soil and the 

reinforcement, thereby increasing the integrity and stability of the infrastructure in terms of 

moisture sensitivity (i.e. swell–shrink volume changes), strength and ductility (e.g. Cetin et al. 

2006; Özkul and Baykal 2006, 2007; Seda et al. 2007; Dunham-Friel and Carraro 2011; Patil 

et al. 2011; Trouzine et al. 2012; Kalkan 2013; Kim and Kang 2013; Cabalar et al. 2014; 

Dunham-Friel and Carraro 2014; Srivastava et al. 2014; Cabalar and Karabash 2015; Signes et 

al. 2016; Mashiri et al. 2017; Yadav and Tiwari 2017b, 2017c; Soltani et al. 2018b). The 

mechanical response of rubber–reinforced soils is primarily a function of rubber content, i.e. 

rubber to dry soil weight ratio. However, the rubber’s geometrical properties, defined in terms 

of the rubber’s mean particle size, may also portray an equally important role. The latter is 

expected to be somewhat similar to that of aspect ratio (or fiber length) in fiber–reinforced soils, 
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which has been well documented in the fiber–reinforcement literature (see Hejazi et al. (2012) 

for details). With rubbers, however, this aspect has not yet been adequately addressed in the 

literature, and thus demands further examination. The available research on soil–rubber 

composites are still limited, and the reported results are not consistent. In addition, fewer 

documented studies can be found with regard to expansive soils, as the majority of literature 

sources have mainly emphasized on coarse–grained soils and in some cases low plasticity clays. 

The present study intends to examine the rubber’s capacity (both of fine and coarse categories) 

of ameliorating the inferior/hazardous engineering characteristics of expansive soils, thereby 

solving two widespread hazards (i.e. the expansive soil problem and the tire rubber disposal 

problem) with one solution. The experimental program was carried out in two phases consisting 

of preliminary and main tests. The preliminary testing phase included consistency limits and 

standard Proctor compaction tests. The main test program included unconfined compression 

(UC), split tensile (ST), direct shear (DS) and desiccation–induced crack tests. A multiple linear 

regression (MLR) model was also suggested and validated to quantify the peak and critical state 

shear strengths. Finally, the swelling properties (i.e. swelling potential and swelling pressure) 

— previously investigated by the authors in Soltani et al. (2018c) — were revisited and cross–

checked with the results obtained in the present study to arrive at the optimum rubber content 

suitable for stabilization of expansive soils. 

2. Materials 

2.1. Soil 

The soil used in this study was a mixture of 85% kaolinite and 15% bentonite. It was 

characterized as clay with high plasticity (CH) in accordance with the Unified Soil 

Classification System (USCS). The free swell ratio (FSR) for kaolinite, bentonite and the 

kaolinite–bentonite mixture was measured as 1.19, 7.53 and 2.91, from which these soils were 

graded into lowly expansive, very highly expansive and highly expansive with respect to the 

classification criterion suggested by Prakash and Sridharan (2004), respectively. Physical and 

mechanical properties of kaolinite, bentonite and the kaolinite–bentonite mixture (hereafter 

simply referred to as soil) were determined as per relevant ASTM and Australian standards, 

and the results are provided in Table 1. Other soil properties, as supplied by the manufacturer, 

included a pH of 7.4 and 9.5, cation exchange capacity (CEC) of 14 meq/100ml and 82 
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meq/100ml, and specific surface area (SSA) of 11.2 m2/g and 85.4 m2/g for kaolinite and 

bentonite, respectively. 

2.2. Recycled Tire Rubbers 

Two types of commercially available recycled tire rubbers, i.e. rubber crumbs (hereafter rubber 

C) and rubber buffings (hereafter rubber B), were used as the reinforcements (see Figure 1). 

Figure 2 illustrates the grain–size distribution curves for both rubber types, along with kaolinite 

and bentonite (determined as per ASTM D422–07). Rubber B can be considered similar in size 

to coarse sand, with particles ranging between 4.75 mm and 1.18 mm. Rubber C, on the other 

hand, falls into the fine sand category, with particles ranging between 1.18 mm and 75 μm. The 

uniformity (Cu) and curvature (Cc) coefficients were, respectively, measured as 1.56 and 1.04 

for rubber B, and 2.81 and 1.20 for rubber C (see Figure 2), from which both rubber types were 

characterized as poorly–graded sand (SP) in accordance with the USCS criterion. Chemical 

composition of the rubbers, as supplied by the manufacturer, consisted of 55% styrene–

butadiene copolymer, 5–20% acetone extract, 25–35% carbon black, 2.5% zinc oxide and 1–

3% sulfur. Other physical properties included a specific gravity (at 20 oC) of 1.09, and a 

softening point of 170 oC. 

3. Experimental Work 

Each of the two rubber choices was incorporated into the soil at four different rubber contents 

(defined as rubber to dry soil weight ratio), i.e. Rc=5%, 10%, 20% and 30%. The experimental 

program was carried out in two phases consisting of preliminary and main tests. The 

preliminary testing phase included consistency limits (AS 1289.3.9.1–15, AS 1289.3.2.1–09, 

AS 1289.3.3.1–09 and AS 1289.3.4.1–08) and standard Proctor compaction (ASTM D698–12) 

tests, the results of which are summarized in Table 2. The higher the rubber content the lower 

the consistency limits and the compaction characteristics, following a monotonic decreasing 

trend. For a given rubber content, however, the effect of rubber size was observed to be 

insignificant. Such trends can be attributed to the lower specific gravity, specific surface area 

and water adsorption capacity of the rubber particles compared to the soil grains (Özkul and 

Baykal 2007; Trouzine et al. 2012; Signes et al. 2016; Yadav and Tiwari 2017b; Soltani et al. 

2018b). 
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The main test program included unconfined compression (UC), split tensile (ST), direct shear 

(DS) and desiccation–induced crack tests. Samples for the UC, ST and DS tests were prepared 

by the static compaction technique, as described in Soltani et al. (2017b and 2018a), at the 

corresponding optimum condition of each mixture (i.e. wopt and γdmax in Table 2). For 

desiccation–induced crack tests, however, samples were prepared by the slurry technique — as 

commonly adopted in the literature (e.g. Tang et al. 2012; Costa et al. 2013; Chaduvula et al. 

2017) — at the respective liquid limit of each mixture (i.e. LL in Table 2). The methodology 

associated with each component of the main test program will be further presented in detail. 

3.1. Unconfined Compression Test 

Unconfined compression (UC) tests were carried out in accordance with the ASTM D2166–16 

standard. The natural soil and various soil–rubber mixtures were statically compacted in a 

cylindrical mold (measuring 50 mm in diameter and 100 mm in in height) at their respective 

optimum water content and maximum dry unit weight (see wopt and γdmax in Table 2). The 

prepared samples were axially compressed by a constant displacement rate of 1 mm/min 

(equivalent to 1 %/min), as suggested in the literature (e.g. Estabragh et al. 2012; Signes et al. 

2016; Yadav and Tiwari 2017b). Axial stress and its corresponding axial strain were recorded 

at various time intervals to a point in which maximum (or peak) axial stress required for sample 

failure could be achieved. To ensure sufficient accuracy, triplicate samples were tested for each 

scenario. 

3.2. Split Tensile Test 

Split tensile (ST) tests were carried out in accordance with the ASTM C496–17 standard. The 

prepared samples were similar to those used for the UC tests, and thus measured 50 mm in 

diameter and 100 mm in height. Two curved steel strips (measuring 10 mm in width and 100 

mm in length) were placed on the upper and lower bearing elements of the samples to ensure 

uniform load distribution. The samples, along with the upper and lower steel strips, were placed 

horizontally between the bearing blocks of the compression apparatus, and further subjected to 

the same displacement rate of 1 mm/min adopted in the UC tests (e.g. Kumar et al. 2007; 

Estabragh et al. 2017; Yadav and Tiwari 2017c). Tensile stress and its corresponding diametrical 

strain (i.e. εd=Δd/d0, where Δd=diametrical displacement; and d0=initial diameter of the sample) 

were recorded during various stages to a point in which maximum/peak tensile stress required 
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for sample failure could be achieved. To ensure sufficient accuracy, triplicate samples were 

tested for each scenario. 

3.3. Direct Shear Test 

Unconsolidated undrained (UU) direct shear (DS) tests were carried out in accordance with the 

GB 50007–11 standard, as commonly adopted in the literature (e.g. Qu et al. 2013; Calik and 

Sadoglu 2014; Wang et al. 2017). The natural soil and various soil–rubber mixtures were 

statically compacted in the shear box (measuring 60 mm×60 mm in plane and 20 mm in height) 

at their respective optimum water content and maximum dry unit weight (see wopt and γdmax in 

Table 2), and further tested for shear strength at varying normal stresses, i.e. σn=100 kPa, 200 

kPa, 300 kPa and 400 kPa. A high shear rate of 1 mm/min (equivalent to 1.67 %/min) was 

adopted for the shearing phase to minimize both drainage and excess pore–water pressure 

effects (Cetin et al. 2006; Sezer et al. 2006; Qu and Zhao 2016). Shear stress was recorded as a 

function of horizontal displacement up to a total displacement of 10 mm to quantify the stress–

strain response at both peak and post–peak (or critical state) conditions. Moreover, the 

conventional Mohr–Coulomb failure criterion (using a total stress approach) was implemented 

to arrive at the apparent shear strength parameters at peak condition (Bai and Liu 2012; Al-

Aqtash and Bandini 2015). On account of the four normal stresses, a total of 36 tests, i.e. 4 for 

the natural soil, 16 for rubber C and 16 for rubber B, were conducted to address the nine 

different mix designs outlined in Table 2. 

3.4. Desiccation–Induced Crack Test 

Desiccation–induced crack tests were carried out on the natural soil and various soil–rubber 

mixtures prepared at their respective liquid limit (see LL in Table 2). The required amount of 

water corresponding to the desired liquid limit was added to each mixture, and thoroughly 

mixed to obtain slurries of uniform consistency. The resultant slurries were poured into Petri 

dishes, measuring 100 mm in diameter and 15 mm in height, and were allowed to desiccate at 

a constant temperature of 40 oC. Drying of the samples was carried out to a point in which 

moisture equalization was attained. Still photographs were then taken using a high–resolution 

digital camera fixed at a vertical angle 50 cm above the desiccated samples. Image processing 

techniques (e.g. see Chaduvula et al. (2017) for details) were implemented to quantify the crack 

features consisting of the crack intensity factor (CIF) and the crack reduction factor (CRF), 

which are defined as (Yesiller et al. 2000; Miller and Rifai 2004): 
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where Ac=area of cracks; Ao=initial area of the tested sample; CIFN=crack intensity factor for 

the natural soil (or unreinforced sample); and CIFR=crack intensity factor for the reinforced 

sample. 

4. Results and Discussions 

4.1. Effect of Rubbers on Unconfined Compression Strength 

Stress–strain curves, obtained from the UC tests, for the natural soil and various soil–rubber 

composites are provided in Figures 3a and 3b for rubbers C and B, respectively. For both 

rubber types, the peak UC strength was dependent on the rubber content and demonstrated a 

rise–fall behavior, peaking at Rc=5% then decreasing at higher rubber inclusions. The natural 

soil exhibited a peak UC strength of qu=113 kPa. Where reinforced with 5% rubber, qu was 

measured as 129 kPa and 142 kPa for rubbers C and B, respectively. With the inclusion of 10% 

rubber, these values dropped to 128 kPa for rubber C and 127 kPa for rubber B, which still hold 

a notable advantage over the natural soil. For the higher rubber inclusions of 20% and 30%, 

however, qu dropped below the natural soil margin (i.e. qu < 113 kPa), and thus raises strength 

concerns (e.g. qu=72 kPa and 88 kPa for 30% rubbers C and B). The failure axial strain (denoted 

as εu in Figure 3) is an indication of the material’s ductility, with higher values manifesting a 

more ductile character (Estabragh et al. 2012, 2017; Soltani et al. 2017a). The failure axial strain 

for samples reinforced with rubber C demonstrated a rise–fall–plateau behavior, peaking at 

Rc=5% then reverting back to the initial value observed for the natural soil at higher rubber 

inclusions (see Figure 3a). In comparison, the failure axial strain for samples reinforced with 

rubber B was in favor of higher rubber contents, with Rc=10% suggesting an optimal case 

amongst the tested mix designs (see Figure 3b). 

The area under a typical stress–strain curve (i.e. ∫σdε, where σ=stress; and ε=strain) up to the 

failure point, defined as peak strain energy (or energy adsorption capacity), serves as a measure 

of the material’s toughness (Maher and Ho 1994). Figure 4a illustrates the variations of peak 

strain energy against rubber content with respect to the UC stress–strain data sets. For both 
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rubber types, the variations of peak strain energy Eu followed a trend similar to that observed 

for the peak UC strength qu. Although in terms of qu the performance of both rubber types was 

observed to be on par with each other, soil–rubber B composites consistently outperformed 

similar samples reinforced with rubber C in terms of higher Eu values, with an exception 

occurring only at Rc=5%. Higher peak strain energy values manifest an increase in either the 

failure axial strain εu or the peak UC strength qu (or both), thus signifying a balance between εu 

and qu (Mirzababaei et al. 2013a). As depicted in Figure 4a, both rubber types result in nearly 

similar qu values for a given rubber content, while rubber B often promotes higher εu values 

(higher ductility), which in turn leads to higher energy adsorption capacities compared to that 

of rubber C. As optimal cases, Eu increased from 6.91 kJ/m3 for the natural soil to 9.04 kJ/m3 

and 10.84 kJ/m3 for the samples reinforced with 5% rubber C and 10% rubber B, respectively. 

The elastic stiffness modulus E50, defined as the secant modulus at 50% of the peak UC strength 

(i.e. E50=0.5qu/εa
50%, where εa

50%=axial strain corresponding to 0.5qu) (Radovic et al. 2004; 

Iyengar et al. 2013), was also measured for the tested samples, and the results are provided in 

Figure 4b. For both rubber types, the higher the rubber content the lower the E50 value, 

following a monotonic decreasing trend. All reinforced samples exhibited lower E50 values 

compared to the natural soil (an exception was Rc=5% of rubber B), indicating a reduced 

material stiffness as a result of rubber–reinforcement. The natural soil resulted in E50=3.15 MPa, 

while the inclusion of 5%, 10%, 20% and 30% rubber C resulted in E50=2.47 MPa, 2.56 MPa, 

1.69 MPa and 1.15 MPa, respectively. Similar inclusions of rubber B did not significantly 

deviate the aforementioned values, and resulted in E50=3.27 MPa, 2.19 MPa, 1.45 MPa and 

1.59 MPa, respectively. 

4.2. Effect of Rubbers on Split Tensile Strength 

Stress–strain curves, obtained from the ST tests, for the natural soil and various soil–rubber 

composites are provided in Figures 5a and 5b for rubbers C and B, respectively. For both 

rubber types, the peak ST strength was dependent on the rubber content and followed a trend 

similar to that observed for the peak UC strength. The effect of rubber size, however, was 

observed to be marginal in this regard. The natural soil exhibited a peak ST strength of qs=14 

kPa. Where reinforced with 5% rubber, qs was measured as 20 kPa for both rubber types. With 

the inclusion of 10% rubber, qs changed to 18 kPa and 21 kPa for rubbers C and B, respectively. 

The higher rubber inclusions of 20% and 30% further decreased qs, while still holding some 

advantage over the natural soil (e.g. qs=16 kPa and 17 kPa for 30% rubbers C and B). As 
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opposed to qs, the failure diametrical strain εs was evidently rubber size–dependent, with soil–

rubber B composites yielding at higher strain values (higher ductility) compared to similar 

samples reinforced with rubber C (e.g. εs=2.09%, 2.46% and 3.67% for the natural soil and 20% 

rubbers C and B). 

The peak strain energy with respect to the ST stress–strain data sets were also measured for the 

tested samples, and the results are provided in Figure 6. For both rubber types, the peak strain 

energy (in this case denoted as Es) was dependent on the rubber content and demonstrated a 

rise–fall–plateau behavior, peaking at Rc=10% then slightly decreasing at higher rubber 

inclusions. All reinforced samples, however, surpassed the natural soil margin, attributed to the 

improved ductility (higher εs values) as a result of rubber–reinforcement. Although the effect 

of rubber size was observed to be insignificant in terms of qs, the more ductile character of soil–

rubber B composites (higher εs values, as shown in Figure 5) gave rise to higher energy 

adsorption capacities compared to similar samples reinforced with rubber C. As optimal cases, 

Es increased from 0.19 kJ/m3 for the natural soil to 0.33 kJ/m3 and 0.47 kJ/m3 for the samples 

reinforced with 10% rubbers C and B, respectively. 

4.3. Effect of Rubbers on Shear Strength Properties 

4.3.1. Test Results 

Typical stress–strain curves, obtained from the DS tests at varying normal stresses, for the 

natural soil and samples reinforced with 10% rubbers C and B are provided in Figures 7a, 7b 

and 7c, respectively. The stress–strain response demonstrated a rise–fall–plateau behavior with 

visually detectable peak points, thus indicating a strain–softening character for the tested 

samples. This effect, however, was less pronounced for samples reinforced with rubber B, 

particularly at higher normal stresses (e.g. see σn=400 kPa in Figure 7c) as well as higher rubber 

inclusions (e.g. see Rc=30% in Figure 8b in the subsequent section), which is in agreement 

with the results reported by Özkul and Baykal (2006) and Dunham-Friel and Carraro (2014). 

For both rubber types, the stress–strain response for a given rubber content was dependent on 

the applied normal stress, with higher normal stresses exhibiting higher peak and critical shear 

strength values. The critical shear strength τcr was defined as the minimum exhibited shear stress 

within the 10%–15% shear strain region (i.e. shear strain γ=Δδ/δ0, where Δδ=horizontal 

displacement; and δ0=initial length of the sample), while the peak shear strength τp was visually 

quantified for the majority of cases (Cetin et al. 2006; Liu and Evett 2009). On the contrary, the 
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failure shear strain γp was less influenced by the applied normal stress. At a normal stress of 

σn=200 kPa, for instance, the natural soil and samples reinforced with 10% rubbers C and B 

resulted in τp=94.65 kPa (γp=3.74%), 107.01 kPa (γp=5.57%) and 116.08 kPa (γp=5.24%), 

respectively. Where σn=400 kPa, these values increased to 126.45 kPa (γp=3.57%), 159.71 kPa 

(γp=5.90%) and 164.35 kPa (γp=5.02%), respectively. 

Typical DS stress–strain curves for the natural soil and various soil–rubber composites at 

σn=300 kPa are provided in Figures 8a and 8b for rubbers C and B, respectively. The stress–

strain response at a given normal stress was dependent on both the rubber content and the rubber 

size, with the former portraying a more pronounced role. For both rubber types, the higher the 

rubber content the higher the exhibited peak and critical shear strength values. For rubber 

inclusions equal to or less than 10%, the rubber of coarser category outperformed the finer 

rubber in terms of higher peak shear strength values, while an opposite effect was evident at 

higher rubber inclusions. In this case, Rc=20% served as a transition point by manifesting a 

similar performance with marginal differences for the two rubber types (e.g. at σn=300 kPa, 

τp=156.45 kPa and 154.32 kPa for 20% rubbers C and B). The strain–softening character was 

less apparent at high inclusions of rubber B, thus promoting an induced strength performance 

at critical state condition compared to similar samples reinforced with rubber C (e.g. see 

Rc=30% in Figure 8b). The failure shear strain was also dependent on the rubber content, and 

to a lesser degree the rubber size. In general, the higher the rubber content (and/or the larger the 

rubber size) the larger the failure shear strain, signifying an improvement in the material’s 

ductility when subjected to shearing. At σn=300 kPa, for instance, the natural soil resulted in 

τp=107.80 kPa (γp=4.40%), while the inclusion of 5%, 10%, 20% and 30% rubber C resulted in 

τp=116.19 kPa (γp=4.40%), 129.72 kPa (γp=4.68%), 156.45 kPa (γp=5.29%) and 193.08 kPa 

(γp=7.35%), respectively. For similar inclusions of rubber B, these values were measured as 

121.99 kPa (γp=4.40%), 146.26 kPa (γp=5.02%), 154.32 kPa (γp=6.52%) and 171.26 kPa 

(γp=8.18%), respectively. 

The peak shear strength values were plotted against the corresponding normal stresses to 

construct the peak failure envelopes, and the results are provided in Figures 9a and 9b for 

rubbers C and B, respectively. The conventional Mohr–Coulomb failure criterion (using a total 

stress approach), i.e. τp=cp+σntanφp, was implemented to quantify the apparent peak shear 

strength parameters (i.e. cp=peak cohesion; and φp=peak friction angle), and the results are 

summarized in Figure 9. As a result of rubber–reinforcement, the peak failure envelope 

experienced a major upward shift over the τp:σn space, signifying an increase in the material’s 
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apparent cohesion (see cp values in Figure 9). Meanwhile, the slope of the envelope was also 

observed to increase with an increase in rubber content, thus promoting a notable improvement 

in the apparent friction angle (see φp values in Figure 9). The peak shear strength parameters 

were dependent on both the rubber content and the rubber size, with the latter portraying a less 

pronounced role. For rubber inclusions equal to or less than 10%, rubber B consistently 

outperformed rubber C in terms of higher cp (and to a lesser degree φp) values. The performance 

of both rubber types was observed to be on par with each other at Rc=20% (e.g. cp=75.89 kPa 

and 76.06 kPa for rubbers C and B), while the higher rubber inclusion of 30% gave rise to 

higher cp and φp values for rubber C (e.g. cp=98.47 kPa and 86.19 kPa for rubbers C and B). 

For both rubber types, an increase in rubber content at a given normal stress led to a major 

improvement in the peak shear strength. The magnitude of improvement, however, was slightly 

greater at higher normal stresses, thus implying a confinement–dependent amending 

mechanism. A similar dependency was also observed for the critical shear strength, the results 

of which are provided in Figures 10a and 10b for rubber C and B, respectively. As typical 

cases shown in Figures 9a and 10b, 20% rubber C promoted a 38% improvement in the peak 

shear strength at σn=100 kPa (i.e. τp increased from 74.25 kPa ‘point A1’ to 102.61 kPa ‘point 

A2’ in Figure 9a), while a greater improvement of 50% was achieved for the same rubber 

inclusion at σn=400 kPa (i.e. τp increased from 126.45 kPa ‘point B1’ to 189.67 kPa ‘point B2’ 

in Figure 9a). Similarly, 20% rubber B led to a 53% improvement in the critical shear strength 

at σn=100 kPa (i.e. τcr increased from 49.19 kPa ‘point A1’ to 75.22 kPa ‘point A2’ in Figure 

10b), while a 67% improvement was observed for the same rubber inclusion at σn=400 kPa (i.e. 

τcr increased from 89.36 kPa ‘point B1’ to 149.22 kPa ‘point B2’ in Figure 10b). 

Figure 11 illustrates the variations of critical shear strength against peak shear strength for the 

tested samples. As depicted in the figure, a strong correlation in the form of τcr=ατpβ (with R2
 > 

0.97) can be obtained for both rubber types, indicating the existence of a unique relationship 

between the shear strength at peak and critical state conditions. The resulted trendline for rubber 

B falls above that of rubber C, which predicates the greater capacity of rubber B in improving 

the soil’s shear strength at critical state condition. In this case, the magnitude of improvement 

was dependent on both the applied normal stress and the rubber content, with more pronounced 

improvements occurring at higher normal stresses and/or higher rubber contents. This behavior 

can be attributed to the appearance of strain–hardening effects for soil–rubber B composites at 

higher normal stresses and/or higher rubber contents (e.g. see σn=400 kPa in Figure 7c, and 

Rc=30% in Figure 8b), which in turn promotes an induced strength performance at critical state 
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condition compared to similar samples reinforced with rubber C. The arrived conclusions in 

this section essentially complement the discussions previously outlined with respect to Figures 

9 and 10. 

4.3.2. Multiple Linear Regression Model 

For a given type of fine–grained soil reinforced with a particular type of rubber, the variables 

governing the peak or critical shear strength can be categorized as: i) normal stress σn (in kPa); 

ii) rubber content Rc (in %); iii) specific surface area SSA (in m2/g); iv) initial water content w0 

(in %); and v) initial dry unit weight γd0 (in kN/m3). Therefore, a multiple linear regression 

(MLR) model to represent τp ˅ τcr (in kPa) can be written as: 

p cr 0 1 n 2 c 3 4 0 5 d0SSAR w = + + + + +           (3) 

where β0 to β5=regression coefficients or fitting parameters. 

As outlined in Section 3, samples for the DS tests were prepared at the corresponding optimum 

condition of each mixture, meaning that w0=wopt and γd0=γdmax (see Table 2). Provided that the 

specific surface area for both the natural soil and the used rubber are at hand, the specific surface 

area for various soil–rubber mixtures can be calculated by means of the weighted averaging 

technique (Williamson and Cortes 2014; Zhao et al. 2016; Soltani and Mirzababei 2018). 

Alternatively, as done in the present study, the specific surface area for both the natural soil and 

various soil–rubber mixtures can estimated by the following empirical relationship (Locat et al. 

1984; Williamson and Cortes 2014): 

10
7

SSA 5PI= +  (4) 

where SSA=specific surface are (in m2/g); and PI=plasticity index (in %), as provided in Table 

2. 

For each rubber type, the MLR model given in Equation 3 was fitted to the experimental τp 

and τcr data sets by means of the conventional linear least squares optimization technique 

(Estabragh et al. 2016). Statistical fit–measure indices, i.e. coefficient of determination (R2), 

root mean squares error (RMSE), normalized root mean squares error (NRMSE) and mean 

absolute percentage error (MAPE), were then obtained for model validation by the following 

relationships (Soltani et al. 2017c, 2018d): 
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where ya=actual value of the dependent variable y (=τp ˅ τcr); ym=predicted value of the 

dependent variable y; yamax=maximum value of ya data; yamin=minimum value of ya data; i=index 

of summation; and N=number of data points used for model development (i.e. 20 for each 

rubber type consisting of 4 unreinforced and 16 reinforced samples). 

The regression analysis outputs with respect to the proposed MLR model for τp and τcr are 

summarized in Table 3. The MLR model well correlates with experimental observations. The 

high R2 and low RMSE, NRMSE or MAPE values imply a strong agreement between actual 

and predicted data, both in terms of correlation and error. The R2 values were mainly above the 

0.97 margin, indicating that approximately 97% of the variations in experimental observations 

are captured and further explained by the MLR model. In addition, the NRMSE and MAPE 

values were found to be less than the 5% for the majority of cases, signifying an average offset 

of only 5% associated with the predictive capacity of the MLR model. 

Figures 12a and 12b illustrate predicted (by Equation 3) versus actual data, along with the 

corresponding 95% confidence bands/intervals, for the peak and critical shear strengths, 

respectively. All data points lie between the upper and lower 95% confidence bands, thus 

indicating no particular outliers associated with the predictions. The coefficient of 

determination was also obtained for these combined data sets, which resulted in a net R2 of 

0.9758 and 0.9705 for τp and τcr, respectively. The proposed MLR model contains a limited 

number of fitting parameters which can be calibrated by little experimental effort, and hence 

implemented for predictive purposes. The fitting parameters, i.e. β0 to β5, can be adequately 

estimated by a total of six DS tests. Two scenarios consisting of the natural soil and a desired 

soil–rubber mixture, each at three different normal stresses, is recommended for the calibration 

phase. The choice of rubber content for the soil–rubber mixture is arbitrary. However, from a 

statistical perspective, a median rubber content such as Rc=15% is expected to yield a more 

reliable estimate of the fitting parameters (Mirzababaei et al. 2018). 
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4.4. Soil–Rubber Amending Mechanisms 

Scanning electron microscopy (SEM) studies conducted by several researchers indicate that 

rubber particles are non–spherical and highly irregular in shape, with some cavities and micro–

cracks propagated along the rubber’s surface, thus predicating a rough surface texture (e.g. 

Yadav and Tiwari 2017a; Soltani et al. 2018b). Such surface features could potentially promote 

adhesion and/or induce frictional resistance between the rubber particles and the soil grains, 

and hence alter the soil fabric into a unitary mass of restricted heave/settlement and improved 

strength performance. As such, the soil–rubber amending mechanisms can be discussed in two 

aspects: i) interfacial frictional resistance generated as a result of soil–rubber contact; and ii) 

mechanical interlocking of rubber particles and soil grains (Racana et al. 2003; Dove et al. 

2006; Tang et al. 2007, 2010; Trouzine et al. 2012; Kalkan 2013; Yadav and Tiwari 2017b; 

Soltani et al. 2018b). 

The first aspect, the interfacial frictional resistance, is a function of soil‒rubber contact area, 

with greater contact levels offering a higher resistance to bear external loads. Consequently, 

this amending mechanism is in line with the rubber content and to a lesser degree the rubber 

size. For a given rubber type (or constant rubber size), the greater the number of included rubber 

particles (or increase in rubber content) the greater the contact level achieved between the 

rubber particles and the soil grains, which in turn promotes an induced frictional resistance and 

hence improved strength performance. Similarly, for a given rubber content, an increase in 

rubber size would potentially favor a more effective soil–rubber contact level (owing to the 

rubber’s larger size or lower specific surface area), and thus an induced frictional resistance 

coupled with improved strength properties. This amending mechanism, however, only holds 

provided that the rubber particles are well distributed in the soil regime and do not cluster (or 

adhere to each other) during sample preparation (or compaction) and/or external loading (Kim 

and Kang 2013; Cabalar et al. 2014; Cabalar and Karabash 2015; Zhang et al. 2018). At high 

rubber contents and potentially for the rubber of coarser category, the behavior of the composite 

at some points could be governed by a dominant rubber–to–rubber interaction, which though 

offers a notable improvement to the composite’s ductility (as evident with the stress–strain 

curves obtained from the UC, ST and DS tests shown in Figures 3, 5, 7 and 8), offsets the 

desired soil–to–rubber interaction capable of improving the composite’s peak strength. Such 

adverse effects were evident for both rubber types with contents greater than 10%, where the 

previously improved peak UC and peak ST strength values began to drop with increase in 

rubber content, thus signifying a rubber–clustering capacity at high rubber inclusions during 
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compressive (UC) and tensile (ST) loading conditions (see Figures 4 and 6). Rubber–clustering 

effects were not apparent under DS testing conditions. This can be attributed to the role 

portrayed by confinement (or normal stress) in inducing frictional resistance at the shearing 

interface, thereby offsetting the adverse effects associated with the clustering of rubber 

particles. Quite clearly, the greater the magnitude of confinement the less apparent the rubber–

clustering effects, and hence the greater the magnitude of improvement in peak strength (e.g. 

compare the stress paths ‘A1→A2’ with ‘B1→B2’ in Figure 9). As opposed to the DS test, both 

the UC and ST tests are characterized as non–confinement tests, which in turn justifies the 

discrepancy observed between the peak UC (or peak ST) and peak DS strength values at rubber 

inclusions greater than 10%. 

The second aspect, the mechanical interlocking, is achieved during compaction and induces 

composite adhesion by restricting the movement of soil grains interlocked to the rubber 

undergoing external loading. In this case, the more effective the achieved mechanical 

interlocking the higher the resistance to external loads. As such, this amending mechanism is 

dependent on the rubber content, and more importantly the rubber size/shape. For a given rubber 

type (or constant rubber size/shape), the greater the number of included rubber particles (or 

increase in rubber content) the greater the number of interlocked or enwrapped soil grains, and 

hence the greater the improvement in strength properties. As opposed to the granular form 

factor of the finer rubber C (see Figure 2a), the particles of rubber B are more fiber–shaped 

(see Figure 2b), and thus favor a more pronounced mechanical interlocking by entwining 

within the matrix and immobilizing the soil grains against external loads with much more 

efficiency. Although in most cases the rubber of coarser category slightly outperformed the 

finer rubber, the effect of larger rubber size for UC, ST and DS testing conditions was mainly 

translated to higher ductility, lower stiffness, higher energy adsorption capacity and higher 

post–peak (or critical) shear strength (see Figure 10) rather than peak strength improvements. 

4.5. Effect of Rubbers on Cracking Intensity 

Figure 13 illustrates the variations of the crack intensity factor (CIF), along with corresponding 

crack reduction factors (CRF), against rubber content for the tested samples. The cracking 

intensity was dependent on both the rubber content and the rubber size, with the former 

portraying a more significant role. The natural soil exhibited a crack intensity factor of 

CIF=15.02%, while the inclusion of 5%, 10%, 20% and 30% rubber C resulted in CIF=13.85%, 

11.21%, 8.41% and 6.01% (i.e. CRF=8%, 25%, 44% and 60%), respectively. Similar inclusions 
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of rubber B resulted in lower CIF and higher CRF values, thus indicating a rubber size–

dependent amending mechanism. In this case, the aforementioned values dropped to 

CIF=12.37%, 9.55%, 5.98% and 4.57% (i.e. CRF=18%, 36%, 60% and 70%), respectively. 

Typical crack patterns overserved for the natural soil and samples reinforced with 30% rubbers 

C and B are provided in Figure 14. A hierarchical cracking pattern can be observed for the 

natural soil, which divides the soil mass into a series of rather small cells with wide crack 

openings (see Figure 14b). Reinforced samples, however, manifested larger cells with 

relatively smaller crack openings (see Figures 14d and 14g). As a consequence of internal (e.g. 

non–uniform drying) and/or external (e.g. boundary friction/adhesion) restrains acting on the 

soil during drying, tensile stresses developed within the soil can exceed the soil’s tensile 

strength, which in turn leads to the development and propagation of cracks (Kodikara and 

Chakrabarti 2005; Tang et al. 2012; Costa et al. 2013). The development and propagation of 

cracks is primarily a function of clay content, meaning that the higher the clay content the 

greater the intensity of cracking (Mitchell and Soga 2005; Soltani et al. 2018b). As such, the 

rubber inclusions are able to amend desiccation–induced cracking through rubber–clay 

substitution. Consequently, this amending mechanism is a function of rubber content, with 

higher rubber inclusions substituting a larger portion of the clay content and hence ameliorating 

the effect of cracking with increased efficiency. Moreover, the rubber inclusions complement a 

notable improvement in the soil’s tensile strength, as evident with the ST test results (see 

Section 4.2), which in turn reduces the cracking intensity. As discussed in Section 4.4, 

improvement in the soil’s tensile strength can also be achieved through interlocking of rubber 

particles and soil grains. The interlocking effect is enhanced in the presence of rubber B, owing 

to its fiber–shaped form factor, which acts as bridges between the desiccated soil cells, thereby 

immobilizing desiccation–induced movements and hence restricting the development of wide 

crack openings (see Figure 14f). 

4.6. Swelling Characteristics and Optimum Rubber Content 

Arriving at reliable stabilization schemes with respect to expansive soils often requires solving 

a two‒objective optimization problem, i.e. minimizing the swell–shrink capacity, while either 

maintaining or improving the strength–related properties (Olgun 2013; Shahbazi et al. 2017; 

Soltani 2017). The present study deals with the latter objective, while the former was previously 

investigated (for the same mix designs outlined in Table 2) by the authors in Soltani et al. 

(2018c). In this section, typical results outlined in Soltani et al. (2018c) will be first revisited, 
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and then cross–checked with the results obtained in the present study to arrive at the optimum 

rubber content suitable for stabilization of expansive soils. Samples for the swell tests were 

prepared by the static compaction technique at the corresponding dry of optimum condition of 

each mix design (i.e. 5% less than optimum water content and its corresponding dry unit 

weight). The prepared samples, measuring 50 mm in diameter and 20 mm in height, were 

subjected to the swell–load oedometer test scheme (ASTM D4546–14). The samples were first 

allowed to freely swell under a low nominal overburden stress of 1 kPa to a point in which the 

ultimate swelling strain, denoted as swelling potential (i.e. εsw=ΔHu/H0, where ΔHu=ultimate 

heave; and H0=initial height of the sample), could be achieved. Upon completion of the swell 

stage, the samples were gradually loaded to counteract the built–up swelling strain. The stress 

required to retain the sample’s initial placement was defined as the swelling pressure. 

Figure 15 illustrates the variations of swelling potential and swelling pressure against rubber 

content for the natural soil and various soil–rubber composites. The swelling properties were 

dependent on both the rubber content and the rubber size, with the former portraying a more 

significant role. The higher the rubber content the lower the swelling properties, following a 

monotonic decreasing trend. For a given rubber content, however, the rubber of coarser 

category consistently outperformed the finer rubber by exhibiting lower swelling behavior. The 

natural soil and samples reinforced with 5%, 10%, 20% and 30% rubber C resulted in swelling 

potential (and pressure) values of εsw=18.35% (σsw=120 kPa), 16.02% (σsw=100 kPa), 13.01% 

(σsw=70 kPa), 11.17% (σsw=54 kPa) and 9.56% (σsw=51 kPa), respectively. For similar 

inclusions of rubber B, these values further decreased to εsw=14.74% (σsw=73 kPa), 12.18% 

(σsw=51 kPa), 9.02% (σsw=32 kPa) and 8.11% (σsw=34 kPa), respectively. As a typical case, the 

swelling potential and swelling pressure, respectively, experienced notable improvements of 

29% and 42% when reinforced with 10% rubber C. For the same inclusion of rubber B, these 

improvements further increased to 34% and 58%, respectively. For both rubber types, Rc=20% 

and 30% exhibited similar results with marginal differences, thus indicating a maximum rubber 

content of 20% as optimal/sufficient to counteract swelling. In addition to the amending 

mechanisms ‘interfacial frictional resistance’ and ‘mechanical interlocking’ described in 

Section 4.4, the reduction in swelling properties can also be ascribed to rubber–expansive clay 

substitution (Soltani et al. 2018c). Similar to desiccation–induced cracking, the swelling 

properties are primarily a function of the soil’s expansive clay content. For a given rubber type, 

an increase in rubber content substitutes a larger portion of the expansive clay content with 

non–expansive hydrophobic rubber particles, thereby leading to a further decrease of the 
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swelling properties (complementary results and discussions on the swell–shrink–consolidation 

characteristics of rubber–reinforced expansive soils can be found in Soltani et al. (2018c)). 

The swelling and shrinkage properties (i.e. the shrinkage properties refer to that outlined in 

Section 4.5) are in favor of higher rubber contents. Meanwhile, high rubber inclusions, as 

shown in Sections 4.1 and 4.2, could raise strength concerns when subjected to compressive 

and/or tensile loading. Consequently, a rubber inclusion of 10% (preferably the rubber of 

coarser category) can satisfy the two–objective design requirement (i.e. minimizing the swell–

shrink capacity, while either maintaining or improving the strength–related properties). Where 

context changes and the strength and stiffness of the material (subjected to compression and/or 

tension) are not a primary concern, higher rubber inclusions up to 20% may also be considered 

as acceptable choices. 

5. Conclusions 

The following conclusions can be drawn from this study: 

• For both rubber types, the peak UC and peak ST strength values were dependent on the 

rubber content, peaking at Rc=5%–10% then decreasing at higher rubber inclusions. 

Rubber–clustering effects were evident for rubber contents greater than 10%, which led to 

some adverse results. The effect of rubber size/shape was mainly translated to higher 

ductility, lower stiffness and higher energy adsorption capacity rather than peak strength 

improvements. 

• The peak and critical shear strengths were dependent on both the rubber content and the 

rubber size, with the former portraying a more significant role. For rubber contents equal to 

or less than 10%, the rubber of coarser category slightly outperformed the finer rubber in 

terms of higher peak shear strength properties, while an opposite effect was evident at higher 

rubber inclusions. In this case, Rc=20% served as a transition point by manifesting a similar 

performance with marginal differences for the two rubber types. The strain–softening 

character was less apparent at high inclusions of the coarser rubber, thus resulting in induced 

strength performance at critical state condition. As a result, the critical shear strength was 

in favor of both a higher rubber content and a larger rubber size. 

• A multiple linear regression (MLR) model was suggested to quantify the peak and critical 

shear strengths as a function of the composite’s index properties, i.e. normal stress, rubber 
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content, specific surface area (or plasticity index) and the initial placement/compaction 

condition. The predictive capacity of the proposed MLR model was examined and validated 

by statistical techniques. The suggested MLR model contains a limited number of fitting 

parameters which can be calibrated by little experimental effort, and hence implemented for 

predictive purposes. 

• The rubber inclusions were able to amend desiccation–induced cracking. The cracking 

intensity was dependent on both the rubber content and the rubber size, with the former 

portraying a more significant role. In this case, the higher the rubber content the greater the 

magnitude of improvement, with the coarser rubber holding a notable advantage over 

similar samples reinforced with the finer rubber. 

• The results of the UC, ST and DS tests were cross–checked with the swelling and cracking 

properties to arrive at the optimum rubber content. A rubber inclusion of 10% (preferably 

the rubber of coarser category) satisfied a decrease in the swell–shrink capacity as well as 

improving the strength–related properties, and thus was deemed as the optimum choice. 

Where context changes and the compressive/tensile strength and stiffness of the material 

are not a primary concern, higher rubber inclusions up to 20% may also be considered as 

acceptable choices. 
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Table 1. Physical and mechanical properties of kaolinite, bentonite and the kaolin–bentonite mixture. 

Properties Kaolinite Bentonite Mixture† 

Specific gravity, Gs 2.68 2.81 2.73 

Grain–size distribution 

Clay (< 2 μm) (%) 49.78 62.43 Not measured 

Silt (2–75 μm) (%) 49.43 35.75 

Sand (0.075–4.75 mm) (%) 0.79 1.82 

Consistency limits 

Liquid limit, LL (%) 41.04 379.21 59.60 

Plastic limit, PL (%) 23.67 45.18 27.28 

Plasticity index, PI (=LL–PL) (%) 17.37 334.03 32.32 

Linear shrinkage, LS (%) Not measured Not measured 8.19 

Classifications 

USCS classification CL CH CH 

Free swell ratio, FSR‡ 1.19 7.53 2.91 

Degree of expansivity Low Very high High 

Compaction characteristics 

Optimum water content, wopt (%) 19.82 36.34 26.00 

Maximum dry unit weight, γdmax (kN/m3) 15.67 11.74 15.07 

Note: 
†85% kaolinite and 15% bentonite; and ‡ratio of equilibrium sediment volume of 10 g oven–dried soil passing sieve 425 μm in distilled water to 

that of kerosene, as defined by Prakash and Sridharan (2004). 
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Table 2. Soil–rubber mix designs and their properties. 

Rubber type Soil (%) Rc (%)† LL (%)‡ PL (%) PI (%) LS (%) SI (%)* wopt (%)# γdmax (kN/m3)# 

— 100 0 59.60 27.28 32.32 8.19 51.40 26.00 15.07 

Rubber C 95 5 57.03 27.02 30.01 8.02 49.01 24.77 14.63 

90 10 55.04 25.54 29.50 7.58 47.46 23.87 14.35 

80 20 51.51 23.46 28.05 6.76 44.75 21.85 13.87 

70 30 49.58 22.70 26.88 5.93 43.65 20.07 13.52 

Rubber B 95 5 56.88 26.61 30.27 7.94 49.39 24.47 14.61 

90 10 55.62 24.77 30.85 7.71 47.91 23.46 14.37 

80 20 52.44 23.27 29.17 7.02 45.42 21.15 13.86 

70 30 51.21 22.15 29.06 5.68 45.54 19.94 13.52 

Note: 
†Rc=WR/WS×100 (WR=weight of rubber; and WS=weight of dry soil); ‡initial placement condition for desiccation–induced crack tests; *shrinkage 

index (=LL–LS, as defined by Sridharan and Nagaraj (2000)); and #initial placement condition for UC, ST and DS tests. 
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Table 3. Summary of the regression analysis outputs with respect to the proposed MLR model or Equation 3 for τp and τcr. 

Rubber type Variable β0 β1 β2 β3 β4 β5 R2 RMSE (kPa) NRMSE (%) MAPE (%) 

Rubber C τp (kPa) –1009.57 0.231 10.39 –3.53 41.99 9.33 0.9736 6.18 4.37 4.33 

τcr (kPa) –1808.08 0.191 10.33 –13.53 26.59 121.51 0.9714 5.53 3.81 4.54 

Rubber B τp (kPa) 970.98 0.227 –1.51 8.01 0.31 –89.25 0.9788 4.72 3.85 3.50 

τcr (kPa) 949.70 0.219 1.77 4.22 23.85 –117.44 0.9627 6.81 5.40 5.84 



182 

List of Figures 

Figure 1. Recycled tire rubbers: (a) rubber C; and (b) rubber B. 

Figure 2. Grain–size distribution curves for the used materials. 

Figure 3. UC stress–strain curves for the tested samples: (a) rubber C; and (b) rubber B. 

Figure 4. Variations of (a) peak strain energy Eu and (b) elastic stiffness modulus E50, along 

with corresponding peak UC strength values, against rubber content for the tested samples. 

Figure 5. ST stress–strain curves for the tested samples: (a) rubber C; and (b) rubber B. 

Figure 6. Variations of peak strain energy Es, along with corresponding peak ST strength 

values, against rubber content for the tested samples. 

Figure 7. Typical DS stress–strain curves at varying normal stresses: (a) natural soil; (b) 10% 

rubber C; and (c) 10% rubber B. 

Figure 8. Typical DS stress–strain curves at σn=300 kPa: (a) rubber C; and (b) rubber B. 
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Figure 13. Variations of the crack intensity factor (CIF), along with corresponding crack 
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Figure 15. Variations of swelling potential and swelling pressure against rubber content for the 

tested samples (modified from Soltani et al. (2018c)).
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Figure 1. Recycled tire rubbers: (a) rubber C; and (b) rubber B. 
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Figure 2. Grain–size distribution curves for the used materials. 
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Figure 3. UC stress–strain curves for the tested samples: (a) rubber C; and (b) rubber B. 
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Figure 4. Variations of (a) peak strain energy Eu and (b) elastic stiffness modulus E50, along 

with corresponding peak UC strength values, against rubber content for the tested samples. 
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Figure 5. ST stress–strain curves for the tested samples: (a) rubber C; and (b) rubber B. 
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Figure 6. Variations of peak strain energy Es, along with corresponding peak ST strength 

values, against rubber content for the tested samples. 
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Figure 7. Typical DS stress–strain curves at varying normal stresses: (a) natural soil; (b) 10% 

rubber C; and (c) 10% rubber B. 
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Figure 8. Typical DS stress–strain curves at σn=300 kPa: (a) rubber C; and (b) rubber B. 
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Figure 9. Peak failure envelopes for the tested samples: (a) rubber C; and (b) rubber B. 
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Figure 10. Variations of critical shear strength against normal stress for the tested samples: 

(a) rubber C; and (b) rubber B. 
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Figure 11. Variations of critical shear strength against peak shear strength for the tested 

samples. 
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Figure 12. Predicted versus actual data with respect to the proposed MLR model or Equation 

3: (a) peak shear strength τp; and (b) critical shear strength τcr. 
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Figure 13. Variations of the crack intensity factor (CIF), along with corresponding crack 

reduction factors (CRF), against rubber content for the tested samples. 
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Figure 14. Typical crack patterns observed for the tested samples: (a) natural soil (greyscale); (b) natural soil (binary); (c) 30% rubber C 

(greyscale); (d) 30% rubber C (binary); (e) 30% rubber B (greyscale); (f) 30% rubber B (crack interface); and (g) 30% rubber B (binary). 
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Figure 15. Variations of swelling potential and swelling pressure against rubber content for 

the tested samples (modified from Soltani et al. (2018c)). 
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Abstract 

The present study aims towards the development of practical dimensional models capable of 

simulating the interfacial shear strength of rubber–reinforced clays. Two types of recycled tire 

rubbers (of fine and coarse categories) were each incorporated into the soil at four different 

contents (by weight), and statically compacted at their respective Proctor optimum condition 
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for direct shear testing. The rubber inclusions amended the soil through improvements achieved 

in two aspects: i) frictional resistance generated as a result of soil–rubber contact; and ii) 

mechanical interlocking of rubber particles and soil grains. In general, both amending 

mechanisms were in favor of a higher rubber content, and to a lesser degree a larger rubber size. 

The dimensional analysis concept was extended to the soil–rubber shear strength problem, 

thereby leading to the development of practical dimensional models capable of simulating the 

shear stress–horizontal displacement response as a function of the composite’s basic index 

properties. The predictive capacity of the proposed models was examined and validated by 

statistical techniques. The proposed dimensional models contain a limited number of fitting 

parameters, which can be calibrated by minimal experimental effort and hence implemented for 

predictive purposes. 

Keywords: Geosynthetics; Rubber–reinforced clay; Interfacial shear strength; Frictional 

resistance; Mechanical interlocking; Dimensional analysis.  
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Abbreviations 

CH   clay with high plasticity 

USCS   unified soil classification system 

UU   unconsolidated undrained 

Notation9 

Cc   coefficient of curvature (dimensionless) 

cp   cohesion at peak condition (Pa) 

Cu   coefficient of uniformity (dimensionless) 

d10   particle diameter corresponding to 10% finer (m) 

d30   particle diameter corresponding to 30% finer (m) 

d50   particle diameter corresponding to 50% finer (m) 

d60   particle diameter corresponding to 60% finer (m) 

FSR   free swell ratio (dimensionless) 

g   standard gravitational acceleration (m/s2) 

Ip   plasticity index (%) 

MAPE   mean absolute percentage error (%) 

R2   coefficient of determination (dimensionless) 

Rc   rubber content (%) 

RMSE   root mean squares error (Pa) 

Sa   specific surface area (m2/kg) 

wL   liquid limit (%) 

wo   initial water content (%) 

wopt   optimum water content (%) 

wP   plastic limit (%) 

Wr   weight of rubber particles (kg) 

Ws   weight of soil solids (kg) 

Ww   weight of water (kg) 

βo, β1 and β2  model/fitting parameters of the dimensional models (dimensionless) 

γdmax   maximum dry unit weight (N/m3) 

γdo   initial dry unit weight (N/m3) 

Δδp   horizontal displacement at failure (m) 

η1   first dimensionless shear number (dimensionless) 

η2   second dimensionless shear number (dimensionless) 

π1, π2 and π3  independent Pi terms (dimensionless) 

                                                 
9Basic SI units are given in parentheses. 
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πo   dependent Pi term (dimensionless) 

σn   normal stress (Pa) 

τ(Δδ)   shear stress with respect to horizontal displacement Δδ (Pa) 

τcr   critical shear strength (Pa) 

τp   peak shear strength (Pa) 

φp   friction angle at peak condition (o)  
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1. Introduction 

Sustainability in civil engineering is sought as a strategic step towards improving the 

mechanical performance of construction materials while counteracting the adverse 

environmental impacts associated with human activities. Solid waste materials are bulky in 

nature, owing to their low weight–to–volume ratio, and thus consume valuable landfill space 

upon disposal. To minimize the need for landfilling, local communities and governmental 

agencies have been increasingly encouraged to recycle and hence reuse such materials as part 

of the infrastructure system. As of late, many developed and developing countries have initiated 

the transition towards ‘sustainable infrastructure’, a concept which encourages the replacement 

of conventional quarried materials with solid wastes and/or industrial by–products (e.g. waste 

textiles/fibers, demolition wastes, kiln dusts, silicate/calcium chloride geopolymers and 

sulfonated oils), thereby conserving natural resources as well as reducing the level of 

greenhouse gas emissions. In this context, a number of research works have suggested 

innovative and environmentally sound solutions targeting the application of such materials in 

various civil engineering projects such as pavement construction, soil stabilization, concrete 

manufacturing and thermal insulations (e.g. Kim et al. 2008; Yesilata et al. 2009; Puppala et al. 

2011; Briga-Sá et al. 2013; Mirzababaei et al. 2013a, 2013b; Parghi and Alam 2016; Arulrajah 

et al. 2017; Hoy et al. 2017; Kua et al. 2017; Mirzababaei et al. 2018a; Soltani et al. 2017a, 

2018a). Beneficial reuse of waste resources not only intends to enhance infrastructure 

performance, but also encourages recycling, mitigates the burden (or hazard) on the 

environment and assists waste management by preventing the accumulation of bulky waste 

materials which are normally stored or landfilled without proper utilization. As such, any 

attempt to assimilate waste resources as part of the infrastructure system is at the forefront of 

many researchers and governmental authorities. 

Discarded tires are amongst the largest and most problematic sources of solid waste, owing to 

extensive production and their durability over time. Such materials, as an ever–producing 

consumable element of modern life, constitutes for a large volume of disposals throughout the 

world. In Australia, for instance, it has been estimated that 48 million waste tires (i.e. equivalent 

to approximately 381,000 tons) are generated per annum (Hannam 2014). A major challenge 

has therefore been the space required for storing and transporting such waste materials, and the 

resulting costs (Thomas et al. 2016; Yadav and Tiwari 2017a; Saberian et al. 2018). Quite 

clearly, discarded tires are not desired at landfills, due to their low weight–to–volume ratio, 

durability and resilient behavior, which prevents them from being ‘flat–packed’. Those 
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characteristics which make waste tires such a problem while being landfilled, make them one 

of the most reusable waste materials for the construction of sustainable earth backfills, thereby 

serving a variety of infrastructure needs, e.g. embankments, retaining walls and bridge 

abutments (Tweedie et al. 1998; Shalaby and Khan 2002; Yoon et al. 2006; Tanchaisawat et al. 

2010; Li et al. 2016). Similar to fiber–reinforced soils, the rubber assemblage randomly 

distributes in the soil regime, and due to its rough surface texture, elastic character and low 

water adsorption capacity, engenders a spatial three–dimensional reinforcement network in 

favor of weaving (or interlocking) the soil grains into a coherent matrix of induced strength, 

improved ductility and deduced heave/settlement, thereby enhancing the integrity and stability 

of the infrastructure (e.g. Edil and Bosscher 1994; Zornberg et al. 2004; Cetin et al. 2006; Özkul 

and Baykal 2007; Tsoi and Lee 2011; Trouzine et al. 2012; Kalkan 2013; Cabalar and Karabash 

2015; Signes et al. 2016; Perez et al. 2017; Yadav and Tiwari 2017b; Soltani et al. 2018b, 2018c). 

The advantages of soil–rubber composites in engineering performance, which conventional soil 

backfills rarely exhibit, are favorably promoting the sustainability of infrastructure systems. 

With the soil–rubber composite gaining ground as a viable geomaterial in practice, the need for 

an efficient and simple tool to adequately predict its short–term performance under field 

conditions, mainly in terms of shear strength, arises as an inevitable necessity. Such a toolbox, 

if developed, would aid the geotechnical engineer to arrive at reliable soil–rubber design 

choices without the hurdles of conducting time–consuming experimental tests. In this context, 

a limited number of discrete element models have been proposed, which adequately simulate 

the interfacial shear strength of rubber–reinforced sands (e.g. Youwai and Bergado 2004; 

Valdes and Evans 2008; Huggins and Ravichandran 2011; Lee et al. 2014; Perez et al. 2016; 

Wang et al. 2018). These studies gained insight into the inter–particle interactions, and 

demonstrated the role of rubber particles in changing the material fabrics and the material 

stiffness. Moreover, the use of artificial intelligence, e.g. neural networks, fuzzy logic systems 

and combined neuro–fuzzy approaches, has also shown great promise in describing/simulating 

the sand–rubber interactions (e.g. Edinclilera et al. 2012, 2013). To the authors’ knowledge, 

there have been no attempts to extend the current numerical or constitutive literature to the 

clay–rubber shear strength problem. Nonetheless, such models, even if developed for the clay–

rubber interface, would most certainly suffer from long–lasting and sophisticated calibration 

procedures, thus leading to impractical frameworks which are not trivial to implement for 

practicing engineers. 



207 

The present study aims towards the development of simple and practical dimensional models, 

by means of the dimensional analysis concept (Buckingham 1914), capable of simulating the 

interfacial shear strength of rubber–reinforced clays. Undrained direct shear tests were carried 

out on various compacted clay–rubber composites (with different consistency limits and initial 

placement conditions) to generate a reliable database allowing for the validation of the proposed 

dimensional models. The novel dimensional analysis practiced in this study led to a practical 

shear strength predicting toolbox by incorporating the composite’s basic index properties, 

thereby avoiding the hurdles of conducting time–consuming experimental tests. 

2. Experimental Work 

2.1. Materials 

2.1.1. Clay Soil 

A mixture of 85% kaolinite and 15% sodium–activated bentonite, hereafter simply referred to 

as soil, was used for the experimental program. Physical and mechanical properties of the soil, 

determined as per relevant ASTM and Australian (AS) standards, are summarized in Table 1. 

The conventional grain–size analysis, carried out in accordance with ASTM D422 (2007), 

indicated a clay fraction (< 2 μm) of 52.80%, along with 46.16% silt (2–75 μm) and 1.04% fine 

sand (0.075–0.425 mm) (see Figure 1). The liquid limit and plasticity index were, respectively, 

measured as wL=59.60% and IP=32.32%, from which the soil was characterized as clay with 

high plasticity (CH) in accordance with the Unified Soil Classification System (USCS). The 

free swell ratio was obtained as FSR=2.91, from which the soil was graded as highly expansive 

with respect to the classification criterion suggested by Prakash and Sridharan (2004). 

2.1.2. Tire Rubbers 

Two types of commercially available recycled tire rubbers (of fine and coarse categories), 

commonly traded as rubber crumbs (or ground rubber) and rubber buffings, were used as the 

reinforcements. Hereafter, these rubber types will be referred to as Rubbers C and B, 

respectively. The gradation curve for both rubber types was determined as per ASTM D422 

(2007), and the results are shown in Figure 1. The particles of Rubber C were analogous in size 

to fine–medium sand (0.075–2 mm), whereas Rubber B was graded into the medium–coarse 

sand category (0.425–4.75 mm). The particle diameters corresponding to 10%, 30%, 50% and 

60% finer (or passing) were measured as d10=0.182 mm and 1.077 mm, d30=0.334 mm and 
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1.370 mm, d50=0.478 mm and 1.582 mm, and d60=0.513 mm and 1.682 mm for Rubbers C and 

B, respectively (see Figure 1). In addition, the coefficients of uniformity (i.e. Cu=d60/d10) and 

curvature (i.e. Cc=d30
2/d10d60) were measured as Cu=2.81 and Cc=1.20 for Rubber C, and 

Cu=1.56 and Cc=1.04 for Rubber B, from which both rubber types were characterized as poorly–

graded in accordance with the USCS criterion. Figure 2 illustrates microscopic micrographs 

of the rubber particles at different magnification ratios. The rubber particles are non–spherical 

and irregular in shape (see Figures 2b and 2e at 50x magnification), with some cavities and 

micro–cracks propagated along the rubber’s surface (see Figures 2c and 2f at 200x 

magnification), thus making for a rough surface texture. Such surface characteristics could 

potentially promote adhesion and/or induce frictional resistance between the rubber particles 

and the soil grains, thereby alter the soil fabric into a coherent matrix of induced strength and 

improved ductility (Yadav and Tiwari 2017b; Soltani et al. 2018b, 2018d). Other physical 

properties, as provided by the manufacturer, included a specific gravity (at 20 oC) of 1.09 and 

a softening point of 170 oC for both rubber types. 

2.2. Compaction Studies and Sample Preparation 

Both rubber choices were incorporated into the soil at four different rubber–to–dry soil weight 

ratios (or rubber contents), i.e. Rc=5%, 10%, 20% and 30%. A series of standard Proctor 

compaction tests were carried out on the natural soil, i.e. Rc=0%, and various soil–rubber 

mixtures in accordance with ASTM D698 (2012), and the results are provided in Table 2. For 

a given rubber type, the higher the rubber content the lower the compaction characteristics, 

following a monotonic decreasing trend. For a given rubber content, however, the effect of 

rubber size was observed to be marginal. Such trends can be attributed to the lower specific 

gravity, specific surface area and water adsorption capacity of the rubber particles compared 

with the soil grains (Özkul and Baykal 2007; Signes et al. 2016; Yadav and Tiwari 2017b; 

Soltani et al. 2018b, 2018c). Moreover, the elastic (or rebound) response of rubber particles to 

dynamic energy during compaction may potentially reduce the compaction efficiency, and thus 

contribute to a lower maximum dry unit weight (Yadav and Tiwari 2017b; Soltani et al. 2018d). 

It should be noted that rubber–clustering effects were vigorously evident at rubber contents 

greater than 30%, which led to compactability issues as well as difficulties in achieving 

homogeneous soil–rubber mixtures. As such, rubber contents greater than 30% were not 

considered in the present study. Samples for the direct shear tests (see Section 2.3) were 



209 

prepared by the static compaction technique, as described in Soltani et al. (2017b) and Estabragh 

et al. (2018), at the respective optimum water content and maximum dry unit weight of each 

mixture (i.e. wopt and γdmax in Table 2). The required amount of water corresponding to the 

desired optimum water content was added to each mixture, and thoroughly mixed by hand. The 

mixtures were then enclosed in plastic bags and stored under room temperature conditions for 

24 hours, thus ensuring an even distribution of moisture throughout the composite mass. The 

moist mixtures were statically compressed in the shear box (measuring 60 mm×60 mm in plane 

and 20 mm in height) at three layers, each layer having attained the desired maximum dry unit 

weight. 

Basic index properties of the prepared samples, including the consistency limits and the 

compaction characteristics, are summarized in Table 2. The natural soil and various soil–rubber 

mixtures were tested for consistency limits following the Australian code of practice (see 

relevant standard designations in Table 1). The liquid limit was obtained by means of the cone 

penetration method, while the conventional rolling thread technique was adopted for plastic 

limit measurements. The water content at which a mass of soil (or material) begins to crumble 

when manually rolled into a thread of approximately 3.2 mm (in diameter) is conventionally 

taken as the plastic limit. However, it is well accepted that the effect of thread diameter over a 

range of 2–6 mm is negligible (Prakash et al. 2009). Therefore, to accommodate the inclusion 

of rubber particles, which for some particles of Rubber B could measure as high as 3.2 mm in 

size, the rolling thread technique was implemented to threads of approximately 5 mm (in 

diameter). The higher the rubber content the lower the consistency limits, following a 

monotonic decreasing trend. The effect of rubber size, however, was found to be marginal. 

Similar to the optimum water content, reduction in the consistency limits can be attributed to 

the lower specific surface area and water adsorption capacity of the rubber particles compared 

with the soil grains (Cetin et al. 2006; Trouzine et al. 2012; Soltani et al. 2018d). 

2.3. Direct Shear Test 

A series of unconsolidated undrained (UU) direct shear tests, as specified in AS 1289.6.2.2 

(1998) and commonly adopted in the literature (e.g. Qu et al. 2013; Calik and Sadoglu 2014; 

Al-Aqtash and Bandini 2015; Qu and Zhao 2016; Wang et al. 2017), were carried out to 

investigate the shear strength behavior of the soil–rubber interface. Each of the nine soil–rubber 

mix designs outlined in Table 2 was tested for shear strength at four different normal stresses, 

i.e. σn=100 kPa, 200 kPa, 300 kPa and 400 kPa. To minimize both drainage and excess pore–
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water pressure effects (thus simulating undrained soil behavior), a high shear rate of 1 mm/min 

was adopted for the shearing phase (Cetin et al. 2006; Sezer et al. 2006; Bai and Liu 2012). 

Shear stress was recorded as a function of horizontal displacement up to a total displacement 

of 10 mm to quantify the stress–displacement response at both peak and post–peak (or critical 

state) conditions. In addition, the conventional Mohr–Coulomb failure criterion (using a total 

stress approach) was implemented to arrive at the apparent shear strength parameters at peak 

condition (Bai and Liu 2012; Al-Aqtash and Bandini 2015). 

3. Experimental Results and Discussion 

3.1. Shear Stress–Horizontal Displacement Response 

Typical shear stress–horizontal displacement curves for the natural soil and various soil–rubber 

composites at σn=200 kPa are shown in Figures 3a and 3b for Rubbers C and B, respectively. 

The stress–dispalcement response exhibited a rise–fall–plateau behavior with visually 

detectable peak points, thus signifying a strain–softening character for the tested samples. This 

effect, however, was less evident for samples reinforced with Rubber B, particularly at higher 

normal stresses as well as higher rubber inclusions (e.g. compare Rc=30% in Figures 3a and 

3b). The critical shear strength τcr was defined as the minimum shear stress exhibited within the 

6–9 mm horizontal displacement region, while the peak shear strength τp was visually quantified 

for the majority of cases (Cetin et al. 2006; Liu and Evett 2009). The stress–displacement 

relationship at a given normal stress was dependent on both the rubber content and the rubber 

size, with the former portraying a more pronounced role. For both rubber types, the higher the 

rubber content the higher the exhibited peak and critical shear strength values. The horizontal 

displacement at failure Δδp was also dependent on the rubber content, and to a lesser degree the 

rubber size. In general, the higher the rubber content (and/or the larger the rubber size) the 

higher the horizontal displacement at failure, thus indicating a notable improvement in the 

composite’s ductility. At σn=200 kPa, for instance, the natural soil resulted in τp=94.65 kPa 

(Δδp=2.24 mm), while the inclusion of 5%, 10%, 20% and 30% Rubber C resulted in τp=96.48 

kPa (Δδp=2.71 mm), 107.01 kPa (Δδp=3.34 mm), 136.23 kPa (Δδp=4.21 mm) and 151.88 kPa 

(Δδp=4.80 mm), respectively. For similar inclusions of Rubber B, these values were measured 

as 100.54 kPa (Δδp=2.78 mm), 116.08 kPa (Δδp=3.14 mm), 130.11 kPa (Δδp=3.74 mm) and 

139.48 kPa (Δδp=7.51 mm), respectively. Similar observations have also been reported by 

researchers such as Tatlisoz et al. (1997), Özkul and Baykal (2006) and Signes et al. (2016). 



211 

Figures 4a and 4b illustrate the variations of the peak and critical shear strength values against 

normal stress for the tested samples, respectively. For rubber inclusions equal to or less than 

10%, the rubber of coarser category, Rubber B, slightly outperformed the finer Rubber C in 

terms of higher peak shear strength values, while an opposite effect was evident for higher 

rubber inclusions. In this case, Rc=20% served as a transition point, manifesting a similar 

performance with marginal differences for the two rubber types (see Rc=20% in Figure 4a). 

The higher rubber inclusion of 30%, however, gave rise to notably higher peak shear strength 

values for the finer Rubber C (see Rc=30% in Figure 4a). These trends are largely consistent 

with those reported by researchers such as Cetin et al. (2006) and Soltani et al. (2018c). A so–

called transition was not observed for the critical shear strength, which as previously discussed, 

can be attributed to the strain–hardening like character exhibited at high inclusions of Rubber 

B, thus leading to induced strength performance at critical state condition (e.g. compare 

Rc=30% in Figures 3a and 3b). As a result, the critical shear strength was in favor of both a 

higher rubber content and a larger rubber size (see Figure 4b). 

3.2. Shear Strength Parameters 

The conventional Mohr–Coulomb failure criterion, using a total stress approach expressed as 

τp=cp+σntanφp (cp=cohesion; and φp=friction angle), was implemented to quantify the apparent 

shear strength parameters at peak condition, and the results are summarized in Table 3. The 

shear strength parameters were dependent on both the rubber content and the rubber size, with 

the former portraying a more significant role. For rubber inclusions equal to or less than 10%, 

Rubber B slightly outperformed Rubber C in terms of higher cp and φp values. The performance 

of both rubber types, particularly in terms of cohesion cp, were on par with each other at Rc=20% 

(e.g. cp=75.89 kPa and 76.06 kPa for 20% Rubbers C and B), while the higher rubber inclusion 

of 30% gave rise to higher cp and φp values for Rubber C (e.g. cp=98.47 kPa and 86.19 kPa for 

30% Rubbers C and B). These trends are in agreement with the results reported by Cetin et al. 

(2006). 

3.3. Soil–Rubber Interactions 

As outlined in Section 2.1.2 (see Figures 2c and 2f), the rubber’s rough surface texture 

promotes adhesion and/or induces frictional resistance at the soil–rubber interface, and thus 

alters the soil fabric into a coherent matrix of induced strength and improved ductility. As such, 

the interfacial shear strength of rubber–reinforced fine–grained soils is governed by the 



212 

following amending mechanisms (Tang et al. 2007, 2010; Trouzine et al. 2012; Kalkan 2013; 

Yadav and Tiwari 2017b; Zhang et al. 2017; Mirzababaei et al. 2018b, 2018c; Soltani et al. 

2018b, 2018c): 

• Frictional resistance generated as a result of soil–rubber contact. 

• Mechanical interlocking of rubber particles and soil grains. 

The frictional resistance generated at the soil–rubber interface is primarily a function of the 

soil‒rubber contact area, with greater contact levels promoting a more pronounced interfacial 

frictional resistance, and thus a higher resistance to shearing. This amending mechanism can 

therefore be ascribed to the rubber content, and to a lesser degree the rubber size. For a given 

rubber type (constant rubber size), the greater the number of included rubber particles (increase 

in rubber content) the greater the achieved contact level between the rubber particles and the 

soil grains, which in turn promotes an induced interfacial frictional resistance followed by an 

improved shear strength. Similarly, for a given rubber content, the rubber of coarser category 

is in favor of yielding a greater soil–rubber contact level, and hence a greater interfacial 

frictional resistance coupled with an improved shear strength. The generated frictional 

resistance also depends upon the magnitude of confinement (or normal stress) acting on the 

soil–rubber interface, and increases upon increasing the normal stress. As illustrated in Figure 

4a, for instance, 20% Rubber C promoted a 38% improvement in the peak shear strength at 

σn=100 kPa (i.e. τp increased from 74.25 kPa ‘Point A1’ to 102.61 kPa ‘Point B1’), while a 

greater improvement of 50% was achieved for the same rubber inclusion at σn=400 kPa (i.e. τp 

increased from 126.45 kPa ‘Point A2’ to 189.67 kPa ‘Point B2’). As another typical case 

depicted in Figure 4b, 20% Rubber B promoted a 53% improvement in the critical shear 

strength at σn=100 kPa (i.e. τcr increased from 49.19 kPa ‘Point A′
1’ to 75.22 kPa ‘Point B′

1’), 

whereas a greater improvement of 67% was observed for the same rubber inclusion at σn=400 

kPa (i.e. τcr increased from 89.36 kPa ‘Point A′
2’ to 149.22 kPa ‘Point B′

2’). 

The interlocking of rubber particles and soil grains, achieved during sample preparation (or 

compaction), induces adhesion at the soil–rubber interface by restricting the movement of soil 

grains (undergoing shearing) interlocked to the rubber (Mukherjee and Mishra 2017, 2018; 

Wang et al. 2018). Quite clearly, the more effective the mechanical interlocking the higher the 

resistance to shearing. Consequently, this amending mechanism is in line with the rubber 

content, and more importantly the rubber shape. For a given rubber type (constant rubber size 
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and shape), the greater the number of rubber particles (increase in rubber content) present at the 

soil–rubber interface the greater the number of interlocked (or enwrapped) soil–rubber lumps, 

and thus the greater the magnitude of improvement in shear strength. As opposed to the granular 

form factor of the finer Rubber C (see Figure 2b), the particles of Rubber B are more fiber–

shaped (see Figure 2e), thus making for a more pronounced mechanical interlocking by 

entwining within the soil matrix and hence immobilizing the soil grains undergoing shearing 

with increased efficiency. 

It should be noted that both amending mechanisms described above only hold provided that the 

rubber particles do not adhere to each other (or cluster) during sample preparation (or 

compaction) and shearing (Cabalar et al. 2014; Cabalar and Karabash 2015; Yadav and Tiwari 

et al. 2017b; Zhang et al. 2017). At high rubber contents and potentially for larger rubber sizes, 

the behavior of the composite at some points of the soil–rubber interface may be governed by 

a rubber–to–rubber interaction, which though offers a notable improvement to the composite’s 

ductility (e.g. see Rc=30% in Figure 3b), offsets the desired soil–to–rubber interaction capable 

of improving the peak shear strength. For rubber inclusions equal to or less than 10%, the rubber 

of coarser category, Rubber B, slightly outperformed the finer Rubber C in terms of higher peak 

shear strength properties, thus indicating an induced interfacial frictional resistance and/or 

mechanical interlocking owing to the larger size and fibrous form factor of Rubber B. The 

rubber inclusion of 20% served as a transition point, manifesting a similar performance with 

marginal differences for the two rubber types, and thus marking the appearance of some rubber–

clustering effects for the coarser rubber. For the higher rubber inclusion of 30%, the peak shear 

strength properties for Rubber B dropped below that of Rubber C, signifying an induced 

rubber–clustering effect in the presence of the coarser rubber (see Figure 4a and Table 3). Such 

a transition was not observed for the critical shear strength (see Figure 4b), which can be 

attributed to the dominant rubber–to–rubber interaction exhibited at high inclusions of Rubber 

B, thus prompting a strain–hardening like character coupled with induced strength performance 

at critical state condition compared with that of Rubber C. 

4. Dimensional Analysis 

4.1. Model Development 

The derivation of a dimensional model accounting for all variables governing a physical 

problem, the shear strength phenomenon in this case, is a formidable but practice–oriented task. 
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A practical dimensional model can be characterized as one that maintains a perfect balance 

between simplicity (ease of application) and accuracy, thus involving a limited number of 

conventional physical parameters capable of arriving at a reliable estimate of the problem in 

hand (Simon et al. 2017). It is therefore essential avoiding the introduction of any physical 

parameters which are equally (or more) difficult to measure compared with the physical 

problem intended to be modeled. For a given fine–grained soil reinforced with a particular type 

of rubber, governing variables with respect to the soil–rubber shear strength problem, as evident 

with the experimental results discussed in Section 3, can be categorized as: i) weight of soil 

solids Ws (in kg); ii) weight of rubber particles Wr (in kg); iii) weight of water Ww (in kg); iv) 

initial dry unit weight of the mixture composite γdo (in N/m3); v) specific surface area of the 

mixture Sa (in m2/kg); vi) the rubber’s mean particle size (or diameter) d50 (in m); and vii) 

normal stress σn (in Pa). The soil–rubber shear strength problem, for peak or critical state 

condition τp ˅ τcr (in Pa), can therefore be expressed as: 

p cr 1 s r w do a 50 n( , , , , , , )W W Wτ τ f γ S σ = d  (1) 

where f1=an unknown multi–variable functional expression. 

Although the shear strength of an unsaturated geomaterial, such as the soil–rubber composite 

in this study, is well known to be related to its matric suction, one may argue that an accurate 

measurement of suction, for fine–grained soils in particular, is a rather difficult and time–

consuming task (Johari et al. 2006; Agus et al. 2010; Malaya and Sreedeep 2011). A typical 

undrained direct shear test (the problem in hand), however, is deemed as a routine test 

commonly performed in most laboratories with much less effort. To maintain model 

simplicity/practicality, it was therefore decided to disregard introducing suction as a governing 

variable. Interestingly, such a simplification complies with most of the existing literature, where 

various forms of empirical and dimensional models have been developed and validated for 

different geomaterials without regarding suction as an input variable (e.g. Rao et al. 2004; Buzzi 

et al. 2011; Williamson and Cortes 2014; Berrah et al. 2016; Zhao et al. 2016). 

The Buckingham Pi concept provides a method for deriving sets of dimensionless variables 

(commonly referred to as Pi or π terms) from given physical parameters, even if the governing 

functional expression, e.g. f1 in Equation 1, remains unknown (Buckingham 1914). Despite the 

concept’s successful adoption as a basic principle in fluid mechanics, its application has been 

less extended to geotechnical–related problems (e.g. Butterfield 1999; Buzzi 2010; Buzzi et al. 
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2011; Williamson and Cortes 2014; Berrah et al. 2016). The concept states that any physical 

problem, such as that expressed by Equation 1, involving n number of physical parameters 

with m number of basic physical dimensions (or units) can be further simplified to a new 

problem involving k=n–m number of dimensionless variables (or Pi terms) capable of 

adequately describing the original problem in hand. Therefore, the system of n=7 physical 

parameters (γdo is related to Ws and Wr) and m=3 basic physical dimensions (i.e. mass [M], 

length [L] and time [T]) given in Equation 1 can be simplified to a new system of k=4 

dimensionless variables given as: 

p cr

o

n

τ τ
π

σ


=  (2) 

r
1 c

s

W

W
π R= =  (3) 

w
2 o c

s

(1 )
W

W
π w R= = +  (4) 

a n do 50

3
g

S σ γ
π =

d
 (5) 

where πo=dependent Pi term; π1, π2 and π3=independent Pi terms; wo=initial water content of 

the mixture composite (=Ww/[Ws+Wr]); and g=standard gravitational acceleration (=9.81 m/s2). 

The soil–rubber shear strength problem, for peak or critical state condition, can therefore be 

represented by the following simplified expression: 

p cr

o 2 1 2 3

n

( , , )
τ τ

π f π π π
σ


= =  (6) 

As outlined in Section 2.2, samples for the direct shear tests were prepared at the corresponding 

optimum condition of each mixture, meaning that wo=wopt and γdo=γdmax (see Table 2). 

Furthermore, the specific surface area for both the natural soil and various soil–rubber mixtures 

was estimated by the following empirical relationship (Locat et al. 1984; Williamson and Cortes 

2014; Zhao et al. 2016): 
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p a0 7( 5)I . S= −  (7) 

where Sa=specific surface area (in m2/g); and Ip=plasticity index (in %), as provided in Table 

2. 

In Equation 6, f2 is an unknown multi–variable functional expression, which is to be obtained 

through trial and error (Simon et al. 2017). To complement the derivation of a practical 

dimensional model, it is essential that any suggested functional expressions, while arriving at a 

reliable estimate of τp and τcr, contain a limited number of model (or fitting) parameters, which 

could be adequately calibrated by minimal experimental effort as well as simple explicit 

calculations. Although a standard ad hoc solution to f2 is non–existent, it has been the authors’ 

experience that two inductive approaches, hereafter categorized as Methods A and B, could be 

employed to complement the trial and error phase, and thus arrive at suitable functional 

expressions: 

4.1.1. Method A 

The first approach, the results of which will be presented as Models M1 and M2 in Sections 

4.3.1 and 4.3.2, relies on incorporating the existing independent Pi terms (Equations 3, 4 and 

5) into a single dimensionless number, such as η, capable of adequately quantifying the 

dependent Pi term (Equation 2) by means of a conventional single–variable function (e.g. 

linear, quadratic polynomial and power). The benefit of this particular approach lies within a 

further simplification of the multi–variable governing problem (expressed by Equation 6) to a 

single–variable governing problem, thereby minimizing the number of expected model 

parameters as well as the associated experimental effort for their calibration. On the downside, 

one should consider that unification of the independent Pi terms is highly contingent, and thus 

depends upon a rigorous trial and error to be carried out which becomes increasingly difficult, 

if not impossible, when dealing with a large number of independent Pi terms. Provided that the 

three independent Pi terms given in Equation 6 could be effectively incorporated into a single 

dimensionless number, the soil–rubber shear strength problem can be expressed in terms of a 

single governing variable as: 

o 2 1 2 3 3( , , ) ( )π f π π π f η= =  (8) 



217 

where f3=a conventional single–variable function; and η=a dimensionless number yielded by 

incorporating the independent Pi terms through trial and error. 

4.1.2. Method B 

The second approach, the results of which will be presented as Model M3 in Section 4.3.3, 

involves a step–by–step examination of conventional multi–variable functions to arrive at the 

most simple functional expression capable of quantifying the dependent Pi term with an 

acceptable degree of accuracy. In essence, such a procedure resembles a typical multiple 

regression analysis, and thus to some extent prevails the contingent issue associated with 

Method A. However, as with any multiple regression analysis, the greater the number of input 

variables (or independent Pi terms) the greater the number of model parameters (or regression 

coefficients), and thus the more experimental measurements required for model calibration. In 

this context, two common yet simple solutions include the multi–variable linear and power 

functions, which for the three independent Pi terms problem given in Equation 6 can be 

expressed as: 

3

o 2 1 2 3 o

1

( , , ) j j

j

π f π π π β β π
=

= = +  (9) 

1

3

o 2 1 2 3

1

( , , ) jβ

j

j

π f π π π π −

=

= =  (10) 

where βo, βj and βj–1=model parameters (dimensionless); and j=index of summation or 

multiplication. 

4.2. Model Validation 

In the present study, a total of three dimensional models, two representing Method A (see 

Models M1 and M2 in Sections 4.3.1 and 4.3.2) and one representing Method B (see Model M3 

in Section 4.3.3), were proposed. Each model was fitted to the experimental τp and τcr datasets 

(see Table A1 in Appendix A) by means of the least squares optimization technique (Soltani 

et al. 2018e). Statistical fit–measure indices, namely the coefficient of determination R2 

(dimensionless), the root mean squares error RMSE (in kPa) and the mean absolute percentage 

error MAPE (in %), were then obtained for model validation (and to compare the performance 

of the proposed models) by the following relationships (Estabragh et al. 2016): 
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where ym=predicted (or modeled) value of the dependent variable y (=τp ˅ τcr); ya=actual value 

of the dependent variable y (presented in Table A1 of Appendix A); i=index of summation; 

and N=number of data points used for model development (=20 for each rubber type consisting 

of 4 unreinforced and 16 reinforced, as shown in Table A1 of Appendix A). 

4.3. Proposed Dimensional Models 

4.3.1. Model M1 

Through trial and error, the three independent Pi terms (Equations 3, 4 and 5) were 

incorporated into a single dimensionless number, hereafter denoted as the first dimensionless 

shear number η1, which can be given as: 

88

o c2
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π π S R σ γ

+
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− − d
 (13) 

Figures 5a and 5b illustrate the variations of πo (Equation 2) against η1 (Equation 13) at both 

peak and critical state conditions for Rubbers C and B, respectively. As depicted in the figures, 

a rather strong correlation in the form of a conventional single–variable linear function, i.e. 

y=yo+ax, can be obtained between πo and η1. Let πo=βo+β1η1, one can therefore derive the 

following for τp ˅ τcr: 

p cr n o 1 1( )τ τ σ β β η = +  (14) 

where βo and β1=model parameters (dimensionless). 

The regression analysis outputs with respect to the proposed dimensional model M1 (Equation 

14) are summarized in Table 4 for both rubber types. The high R2 and low MAPE (and RMSE) 

values imply a strong agreement between actual and predicted shear strength data, both in terms 

of correlation and error. The R2 values mainly surpassed the 0.95 margin, indicating that 

leastwise 95% of the variations in experimental observations are captured and further explained 
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by Model M1. The MAPE values were found to be less than 7% for all cases, signifying a 

maximum offset of 7% associated with the predictions. 

Figures 6a and 6b illustrate predicted (by Model M1 or Equation 14) versus actual data, along 

with the corresponding 95% prediction bands/intervals, for various soil–rubber composites at 

peak and critical state conditions, respectively. Although some scatter can be observed, nearly 

all data points lie between the upper and lower 95% prediction intervals, thus indicating no 

major outliers associated with the predictions. The coefficient of determination was also 

obtained for these combined datasets, which resulted in a net R2 of 0.950 and 0.979 for τp and 

τcr, respectively. 

The proposed dimensional model M1 (Equation 14) contains two model parameters, i.e. βo and 

β1, which can be calibrated by minimal experimental effort, and thus further implemented for 

predictive purposes. The model parameters can be adequately estimated by a total of two direct 

shear tests. Two test scenarios consisting of the natural soil and a desired soil–rubber mixture, 

each at a median normal stress, are recommended for the calibration phase. Although the choice 

of rubber content for the soil–rubber mixture is arbitrary, from a statistical perspective, a median 

rubber content is expected to yield a more reliable estimate of the model parameters 

(Mirzababaei et al. 2018a). Consider the following designations: 

• 
o m
c n( , )

1

R σ
η =first dimensionless shear number (Equation 13) for no rubber inclusion, i.e. o

cR , 

at a median normal stress, i.e. m

n . 

• 
o m o m
c n c n( , ) ( , )

p cr

R σ R σ
τ τ =actual peak or critical shear strength for no rubber inclusion, i.e. o

cR , at a 

median normal stress, i.e. m

n . 

• 
m m
c n( , )

1

R σ
η =first dimensionless shear number (Equation 13) for a median rubber content, i.e. 

m

cR , at a median normal stress, i.e. m

n . 

• 
m m m m
c n c n( , ) ( , )

p cr

R σ R σ
τ τ =actual peak or critical shear strength for a median rubber content, i.e. m

cR

, at a median normal stress, i.e. m

n . 

Therefore, the following system of two linear equations should be solved to arrive at an estimate 

of the M1 model parameters βo and β1: 
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 (15) 

An explicit solution to Equation 15 is provided in Equation B4 of Appendix B. 

4.3.2. Model M2 

Through trial and error, a second dimensionless shear number, hereafter denoted as η2, was 

suggested as: 

2
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d
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The variations of πo (Equation 2) were plotted against the second dimensionless shear number 

η2 (Equation 16), and the results are provided in Figures 7a and 7b at both peak and critical 

state conditions for Rubbers C and B, respectively. In this case, a rather strong correlation in 

the form of a conventional single–variable power function, i.e. y=axb, was observed between πo 

and η2. Let πo=βoη2
β₁, the following can therefore be written for τp ˅ τcr: 

1

p cr n o 2

β
τ τ σ β η =  (17) 

where βo and β1=model parameters (dimensionless). 

The regression analysis outputs with respect to the proposed dimensional model M2 (Equation 

17) are summarized in Table 5 for both rubber types. Model M2 mainly exhibited similar R2, 

RMSE and MAPE values compared with that of Model M1 (Equation 14), thus indicating a 

similar performance for both models. Similar to Model M1, the R2 values were mainly greater 

than 0.95, while the MAPE values were found to be less than 7% for all cases. 

Figures 8a and 8b illustrate predicted (by Model M2 or Equation 17) versus actual data, along 

with the corresponding 95% prediction bands/intervals, for various soil–rubber composites at 

peak and critical state conditions, respectively. Similar to Model M1, some scatter can still be 

observed; however, nearly all data points position themselves between the upper and lower 95% 

prediction intervals, thus indicating no particular outliers associated with the predictions. The 
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coefficient of determination for these combined datasets were obtained as 0.955 for τp and 0.976 

for τcr, which are similar to those obtained for Model M1. 

The calibration procedure for Model M2 (Equation 17), as a two parameter model, would 

essentially be similar to that described for Model M1. In this case, however, the non–linear 

character of Model M2, represented by the power component β1, should first be linearized by 

means of a logarithmic transformation. Upon linearization, the following system of two semi–

linear equations should be solved to arrive at an estimate of the M2 model parameters βo and β1: 
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 (18) 

An explicit solution to Equation 18 is provided in Equation B5 of Appendix B. The explicit 

solution to the M2 model parameters is of slightly greater complexity compared with that of 

Model M1 (compare Equations B4 and B5 in Appendix B). As it stands, Model M1 offers a 

more practical calibration procedure, while maintaining the same performance offered by the 

more complex Model M2. 

4.3.3. Model M3 

Upon examining various forms of conventional multi–variable functions, a modified form of 

the three–variable power function, similar to that given in Equation 10, was selected as the 

governing functional expression to link the three independent Pi terms (Equations 3, 4 and 5) 

to the dependent Pi term (Equation 2), which can be given as: 
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Provided that Equation 19 holds, equating Equations 2 and 19 yields the following for τp ˅ τcr: 
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where βo, β1 and β2=model parameters (dimensionless). 

Figures 9a and 9b illustrate the variations of both predicted (by Model M3 or Equation 20) 

and actual τp and τcr data against normal stress for Rubbers C and B, respectively. The proposed 

dimensional model M3 well correlates with the experimental observations, as evident with the 

clustering of predicted and actual data in the figures. Most of the predicted values perfectly 

overlap with their actual counterparts, thus indicating an excellent capacity to simulate the shear 

strength response at both peak and critical state conditions. 

The regression analysis outputs with respect to the proposed dimensional model M3 (Equation 

20) are summarized in Table 6 for both rubber types. Model M3 outperformed both Models M1 

(Equation 14) and M2 (Equation 17), as evident with the higher R2 and lower RMSE and 

MAPE values. The R2 values were unanimously above the 0.98 margin, indicating an excellent 

goodness of fit. The MAPE values were less the 5% for all cases, thus manifesting a 2% 

improvement compared with that observed for Models M1 and M2. 

Figures 10a and 10b illustrate predicted (by Model M3 or Equation 20) versus actual data, 

along with the corresponding 95% prediction bands/intervals, for various soil–rubber 

composites at peak and critical state conditions, respectively. In comparison to Models M1 and 

M2, the data points lie closer to the line of equality, i.e. y=x, thus manifesting minimal scatter 

and no particular outliers associated with the predictions. The coefficient of determination for 

these combined datasets were obtained as 0.961 and 0.978 for τp and τcr, respectively. 

The proposed dimensional model M3 (Equation 20) is a three parameter model, thus a total of 

three direct shear tests would be required for its calibration. The suggested test scenarios can 

be given as: 

• The natural soil (or no rubber inclusion), i.e. o

cR , at a low normal stress, i.e. o

n . 

• The natural soil (or no rubber inclusion), i.e. o

cR , at a high normal stress, i.e. 
n

 . 

• A desired soil–rubber mixture (preferably with a median rubber content, i.e. m

cR ) at a 

median normal stress, i.e. m

n . 

Similar to that described for Model M2 (Equation 17), the non–linear character of Model M3, 

represented by the power components βo, β1 and β2, should first be linearized by means of a 
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logarithmic transformation. Upon linearization, the following system of three semi–linear 

equations should be solved to arrive at an estimate of the M3 model parameters βo, β1 and β2: 
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An explicit solution to Equation 21 is provided in Equation B6 of Appendix B. Quite clearly, 

the explicit solution to the M3 model parameters is of significant complexity compared with 

that of Models M1 and M2 (compare Equation B6 with Equations B4 and B5 in Appendix B). 

In essence, Model M3 sacrifices simplicity/practicality in favor of a higher accuracy. 

4.4. Modelling the Shear Stress–Horizonal Displacement Locus 

As evident with the results presented in the previous section, the proposed dimensional models, 

Model M3 in particular, well predict the shear strength response of the soil–rubber composite 

at both peak and critical state conditions. It was therefore perceived that the same models, if 

rewritten in terms of shear stress as a function of horizontal displacement, could potentially 

provide a basis for simulating the shear stress–horizontal displacement locus during shear 

evolvement. Let Model M3 (Equation 20), the most superior dimensional model as evident 

with the results outlined in Section 4.3.3, be rewritten in terms of horizontal displacement as: 

 
2

1o

( δ)

( δ) a n do 50( δ)

n c o c 6
( δ) (1 ) (1 )

10 g

S
R w R




 

 = − +  
 
 



  
 

d
 (22) 

where τ(Δδ)=shear stress with respect to horizontal displacement Δδ (in Pa); and βo(Δδ), β1(Δδ) 

and β2(Δδ)=model parameters (dimensionless), which are a function of horizontal displacement 

Δδ. 

Provided that Equation 22 holds, one can therefore arrive at an estimate of the shear stress for 

any given horizontal displacement, and thus construct the corresponding shear stress–horizontal 
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displacement curve. As opposed to continuous mathematical functions, such as hyperbolic–

based functions (e.g. Kondner 1963; Duncan and Chang 1970; Stark et al. 1994; Horpibulsuk 

and Miura 2001; Horpibulsuk and Rachan 2004), which simulate the shear stress–horizontal 

displacement response by enforcing a predefined form factor over a continues horizontal 

displacement domain, the dimensional model given in Equation 22 is a discrete function in 

nature, and thus simulates each shear stress–horizontal displacement curve point independently. 

As such, a predefined form factor is not enforced to the problem in hand, thereby allowing for 

indigenous material properties such as strain–softening to be simply quantified with more 

accuracy. It has been the authors’ experience that a total of six arbitrary horizontal displacement 

values would satisfy the construction of a desired shear stress–horizontal displacement curve. 

Quite clearly, the greater the number of adopted horizontal displacement values the more 

realistic the constructed curve. To test the proposed hypothesis, the performance of the 

proposed dimensional model given in Equation 22 was examined at six different low to high 

horizontal displacements, i.e. Δδ=0.5 mm, 1 mm, 2 mm, 4 mm, 6 mm and 8 mm, and the results 

are provided in Figure 11 for both rubber types. An obvious clustering of predicted and actual 

data can be observed, with most of the predicted values perfectly overlapping with their actual 

counterparts, thus confirming the model’s capacity to capture the shear stress response with 

respect to horizontal displacement. 

Figure 12 illustrates typical experimental shear stress–horizontal displacement curves along 

with their respective simulations by means of the proposed dimensional model given in 

Equation 22. The constructed curves perfectly overlap with their actual counterparts. In 

particular, the strain–softening character is well simulated by the proposed model, thus 

resolving an inherent issue associated with common continuous simulative functions. The 

calibration procedure for Equation 22 would be identical to that described for Model M3 

(Equation 20) in Section 4.3.3. In this case, however, for each adopted horizontal displacement 

Δδ, a separate system of three semi–linear equations should to be solved to arrive at an estimate 

of the corresponding model parameters βo(Δδ), β1(Δδ) and β2(Δδ). 

5. Conclusions 

The following conclusions can be drawn from this study: 

• The rubber inclusions altered the soil fabric into a coherent matrix of induced strength and 

improved ductility through amendments achieved in two aspects: i) frictional resistance 
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generated as a result of soil–rubber contact; and ii) mechanical interlocking of rubber 

particles and soil grains. Provided that the rubber particles do not cluster during compaction 

and shearing, both amending mechanisms are expected to be in favor of a higher rubber 

content, and to a lesser degree a larger rubber size. 

• The shear stress–horizontal dispalcement response exhibited a strain–softening character 

for both the natural soil and various soil–rubber composites. This effect, however, was less 

evident for samples reinforced with high inclusions (particularly Rc=30%) of the coarser 

rubber. This behavior was attributed to the dominant rubber–to–rubber interaction (or 

rubber–clustering) exhibited at high inclusions of the coarser rubber. 

• For Rc ≤ 10%, the rubber of coarser category, Rubber B, slightly outperformed the finer 

Rubber C in terms of higher peak shear strength properties. Rc=20% served as a transition 

point, manifesting a similar performance with marginal differences for the two rubber types. 

At Rc=30%, the peak shear strength properties for Rubber B dropped below that of Rubber 

C, signifying an induced rubber–clustering effect in the presence of the coarser rubber. Such 

a transition was not observed for the critical shear strength values, which was attributed to 

the strain–hardening like character exhibited at high inclusions of Rubber B. 

• The dimensional analysis concept was extended to the soil–rubber shear strength problem, 

thereby leading to the development of a series of simple and practical dimensional models 

capable of simulating the shear stress–horizontal displacement response as a function of the 

composite’s basic index properties. The predictive capacity of the proposed models was 

examined and validated by statistical techniques. The proposed dimensional models contain 

a limited number of fitting parameters, which can be calibrated by minimal experimental 

effort and hence implemented for predictive purposes. 
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Table 1. Physical and mechanical properties of the soil. 

Properties Value/Description Standard designation 

Specific gravity, Gs 2.73 ASTM D854 (2014) 

Grain–size distribution 

Clay (< 2 μm) (%) 52.80 ASTM D422 (2007) 

Silt (2–75 μm) (%) 46.16 

Fine sand (0.075–0.425 mm) (%) 1.04 

Medium sand (0.425–2 mm) (%) 0 

Coarse sand (2–4.75 mm) (%) 0 

Consistency limits 

Liquid limit, wL (%) 59.60 AS 1289.3.9.1 (2015)† 

Plastic limit, wP (%) 27.28 AS 1289.3.2.1 (2009)‡ 

Plasticity index, IP (=wL–wP) (%) 32.32 AS 1289.3.3.1 (2009) 

Linear shrinkage, wS (%) 8.19 AS 1289.3.4.1 (2008) 

Classifications 

USCS classification CH ASTM D2487 (2011) 

Free swell ratio, FSR* 2.91 Prakash and Sridharan 

(2004) Expansive potential High 

Compaction characteristics 

Optimum water content, wopt (%) 26.00 ASTM D698 (2012) 

Maximum dry unit weight, γdmax 

(kN/m3) 
15.07 

Note: 
†cone penetration method; ‡rolling thread method; and *ratio of equilibrium sediment volume 

of 10 g oven–dried soil passing sieve 425 μm in distilled water to that of kerosene. 
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Table 2. Basic index properties of the prepared samples. 

Rubber Rc (%)† wL (%) wP (%) IP (%) wopt (%)‡ γdmax (kN/m3)‡ 

— 0 59.60 27.28 32.32 26.00 15.07 

Rubber C 5 57.03 27.02 30.01 24.77 14.63 

10 55.04 25.54 29.50 23.87 14.35 

20 51.51 23.46 28.05 21.85 13.87 

30 49.58 22.70 26.88 20.07 13.52 

Rubber B 5 56.88 26.61 30.27 24.47 14.61 

10 55.62 24.77 30.85 23.46 14.37 

20 52.44 23.27 29.17 21.15 13.86 

30 51.21 22.15 29.06 19.94 13.52 

Note: 
†Rc=Wr/Ws×100 (Wr=weight of rubber particles; and Ws=weight of soil solids); and ‡initial 

placement condition for direct shear tests. 
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Table 3. Shear strength parameters at peak condition for the tested samples. 

Rubber Rc (%) cp (kPa) φp (o) 

— 0 58.35 9.64 

Rubber C 5 59.03 10.63 

10 62.25 13.28 

20 75.89 15.72 

30 98.47 16.56 

Rubber B 5 61.86 10.97 

10 71.26 13.33 

20 76.06 14.55 

30 86.19 15.30 
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Table 4. Summary of the regression analysis outputs with respect to the proposed 

dimensional model M1 (Equation 14) for both rubber types. 

Rubber Variable βo β1 R2 RMSE (kPa) MAPE (%) 

Rubber C τp (Pa) –0.099 0.127 0.975 8.59 5.43 

τcr (Pa) –0.017 0.080 0.985 4.99 3.75 

Rubber B τp (Pa) –0.063 0.230 0.946 11.29 6.21 

τcr (Pa) –0.055 0.183 0.979 7.05 5.21 
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Table 5. Summary of the regression analysis outputs with respect to the proposed 

dimensional model M2 (Equation 17) for both rubber types. 

Rubber Variable βo β1 R2 RMSE (kPa) MAPE (%) 

Rubber C τp (Pa) 0.759 –1.17 0.978 7.68 4.78 

τcr (Pa) 0.526 –1.04 0.987 4.88 3.52 

Rubber B τp (Pa) 1.489 –1.10 0.946 10.79 6.53 

τcr (Pa) 1.176 –1.11 0.976 7.49 5.65 
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Table 6. Summary of the regression analysis outputs with respect to the proposed 

dimensional model M3 (Equation 20) for both rubber types. 

Rubber Variable βo β1 β2 R2 RMSE (kPa) MAPE (%) 

Rubber C τp (Pa) –0.90 –1.10 –1.25 0.988 6.56 4.06 

τcr (Pa) –1.13 –0.51 –1.00 0.988 4.16 3.37 

Rubber B τp (Pa) –0.64 –1.68 –1.23 0.979 7.02 4.36 

τcr (Pa) –1.33 –1.08 –1.04 0.984 5.92 4.10 
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respective simulations by means of the proposed dimensional model given in Equation 22.  
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Figure 1. Gradation curves for the used materials. 
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Figure 2. Tire rubbers at different magnification ratios: (a) Rubber C (no magnification); (b) 

Rubber C (50x magnification); (c) Rubber C (200x magnification); (d) Rubber B (no 

magnification); (e) Rubber B (50x magnification); and (f) Rubber B (200x magnification). 
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Figure 3. Typical shear stress–horizontal displacement curves at σn=200 kPa: (a) Rubber C; 

and (b) Rubber B. 
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Figure 4. Variations of shear strength against normal stress for the tested samples: (a) Peak 

shear strength τp; and (b) Critical shear strength τcr. 
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Figure 5. Variations of the dependent Pi term πo (Equation 2) against the first dimensionless 

shear number η1 (Equation 13) at both peak and critical state conditions: (a) Rubber C; and 

(b) Rubber B. 
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Figure 6. Predicted (by Model M1 or Equation 14) versus actual data, along with the 

corresponding 95% prediction bands, for various soil–rubber composites: (a) Peak shear 

strength τp; and (b) Critical shear strength τcr. 
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Figure 7. Variations of the dependent Pi term πo (Equation 2) against the second 

dimensionless shear number η2 (Equation 16) at both peak and critical state conditions: (a) 

Rubber C; and (b) Rubber B. 
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Figure 8. Predicted (by Model M2 or Equation 17) versus actual data, along with the 

corresponding 95% prediction bands, for various soil–rubber composites: (a) Peak shear 

strength τp; and (b) Critical shear strength τcr. 
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Figure 9. Variations of both predicted (by Model M3 or Equation 20) and actual τp and τcr 

data against normal stress: (a) Rubber C; and (b) Rubber B. 
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Figure 10. Predicted (by Model M3 or Equation 20) versus actual data, along with the 

corresponding 95% prediction bands, for various soil–rubber composites: (a) Peak shear 

strength τp; and (b) Critical shear strength τcr. 
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Figure 11. Variations of both predicted (by Equation 22) and actual shear stress data against normal stress at various horizontal displacements. 
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Rubber C: Δδ=8 mm Rubber B: Δδ=8 mm 
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Figure 12. Typical experimental shear stress–horizontal displacement curves along with their respective simulations by means of the proposed 

dimensional model given in Equation 22. 
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Rubber C: Rc=5%; and σn=100 kPa and 300 kPa Rubber B: Rc=5%; and σn=100 kPa and 300 kPa 
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Appendix A 

The experimental database used for the development of the dimensional models, i.e. Models 

M1 (Equation 14), M2 (Equation 17) and M3 (Equation 20), is summarized in Table A1. 

Table A1. Summary of the experimental database used for dimensional analysis. 

Rubber d50 (mm) Rc (%) wL (%) wP (%) IP (%) Sa (m2/g) wo (%) γdo (kN/m3) σn (kPa) τp (kPa) τcr (kPa) 

— — 0 59.60 27.28 32.32 51.17 26.00 15.07 100 74.25 49.19 

200 94.65 64.24 

300 107.80 80.11 

400 126.45 89.36 

Rubber C 0.461 5 57.03 27.02 30.01 47.87 24.77 14.63 100 77.59 53.06 

200 96.48 70.38 

300 116.19 87.53 

400 133.60 100.55 

10 55.04 25.54 29.50 47.14 23.87 14.35 100 88.60 55.54 

200 107.01 74.39 

300 129.72 90.80 

400 159.71 110.25 

20 51.51 23.46 28.05 45.07 21.85 13.87 100 102.61 68.49 

200 136.23 95.94 

300 156.45 110.39 

400 189.67 147.03 

30 49.58 22.70 26.88 43.40 20.07 13.52 100 130.42 82.44 

200 151.88 123.48 

300 193.08 148.79 

400 215.80 171.99 

Rubber B 1.582 5 56.88 26.61 30.27 48.24 24.47 14.61 100 80.67 56.88 

200 100.54 76.18 

300 121.99 95.89 

400 138.15 110.03 

10 55.62 24.77 30.85 49.07 23.46 14.37 100 95.40 66.81 

200 116.08 88.96 

300 146.26 110.71 

400 164.35 138.23 

20 52.44 23.27 29.17 46.67 21.15 13.86 100 100.49 75.22 

200 130.11 106.71 

300 154.32 123.00 

400 178.96 149.22 

30 51.21 22.15 29.06 46.51 19.94 13.52 100 113.46 93.05 

200 139.48 129.39 

300 171.26 158.55 

400 194.02 185.54 
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Appendix B 

The linear or semi–linear system of equations given in Equations 15, 18 and 21 can be rewritten 

in matrix form (i.e. AX=B; where X=the matrix representing the model parameters) by the 

following relationships, respectively: 
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For ease of presentation, consider the following designations: 
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Therefore, explicit solutions to Equations B1, B2 and B3, defined as X=A–1B, can be derived 

as: 
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1. Introduction 

Recently, Priyadarshee et al. (2018) examined the combined capacity of tire crumbles inclusion 

and fly ash treatment as a sustainable solution towards ameliorating the inferior engineering 

characteristics of clayey soils. The work under discussion takes a strategic step towards 

improving the mechanical performance of construction materials while counteracting the 

adverse environmental impacts associated with human activities, and thus is gratefully 

acknowledged. The present discussion/comment aims at addressing some of the shortcomings 

associated with the aforementioned study, as well as complementing the original work by 

outlining a novel point of view. 
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A portion of the original manuscript was devoted to the development of a regression model 

claimed to be capable of predicting the California Bearing Ratio (CBR) of clay–tire crumbles–

fly ash mixtures under unsoaked and soaked conditions. In this case, the authors proposed the 

conventional multiple linear regression model (MLR) with two independent variables, which 

can be given as: 

U S
mix mix

U S
clay clay

U S

o 1 c 2 c

CBR CBR

CBR CBR
R R T F =  = + +    (1) 

where RU=unsoaked CBR ratio (i.e. stabilized to unstabilized CBR ratio under unsoaked 

condition); RS=soaked CBR ratio (i.e. stabilized to unstabilized CBR ratio under soaked 

condition); Tc=tire crumbles content; Fc=fly ash content; and ρo to ρ2=fitting parameters or 

regression coefficients. 

A suitable regression/empirical model can be characterized as one that maintains a perfect 

balance between simplicity (ease of application) and accuracy (low forecast error), thereby 

involving a limited number of conventional physical parameters (linked by a limited number of 

model/fitting parameters) capable of arriving at a reliable estimate of the problem in hand. Quite 

clearly, the MLR model given in Equation 1 well satisfies the simplicity requirement. The 

same, however, cannot be concluded in terms of the accuracy. The authors report the coefficient 

of determination as R2=0.83–0.84 (see Equations 3 and 4 in the original manuscript), which 

basically implies that only 83%–84% of the variations in experimental observations are 

captured and further explained by the suggested MLR model. Furthermore, the authors fail to 

report any relevant error–related fit–measure index associated with MLR predictions. The root 

mean squares error RMSE and the normalized root mean squares error NRMSE (in %) are two 

well–accepted indices in this context, which can be given as (Estabragh et al. 2016; Soltani et 

al. 2018): 
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where yp=predicted value of the dependent variable y (e.g. RU
 ˅ RS); ya=actual value of the 

dependent variable y; N=number of data points used for model development (=30, as outlined 
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in Table 5 of the original manuscript); i=index of summation; a

maxy =maximum value of ya data; 

and a

miny =minimum value of ya data. 

Making use of the data presented in Figures 14 and 15 of the original manuscript, the NRMSE 

can be found as 18.47%–19.06%, which is approximately four times greater than the acceptable 

5% reference margin. Given that the variations of both the unsoaked and soaked CBR with 

respect to Tc and/or Fc are strongly monotonic (see Figure 13 in the original manuscript), along 

with the fact that the datasets used for model development are rather small in size (N=30 for 

each MLR model), high R2 (> 0.95) and low NRMSE (< 5%) values should be simply 

accomplishable. Quite clearly, the CBR exhibits a non–linear increasing trend with increase in 

Tc and/or Fc (see Figure 13 in the original manuscript), and thus cannot be adequately simulated 

by means of a planar regression surface such as the MLR. More importantly, the MLR in its 

current form fails to capture tire crumbles–fly ash interactions, as evident with the absence of 

a Tc×Fc term in Equation 1. Most strength–related soil stabilization problems involving two 

independent variables exhibit non–linearity or curvature (e.g. Mirzababaei et al. 2013; Olgun 

2013; Soltani 2017), and thus can be efficiently represented by the multiple quadratic regression 

model (MQR). For the problem in hand, a suitable MQR model can be expressed as: 

U S
mix mix

U S
clay clay

U S 2 2

o 1 c 2 c 3 c 4 c 5 c c

CBR CBR

CBR CBR
R R T F T F T F =  = + + + + +       (4) 

where ρo to ρ5=fitting parameters or regression coefficients. 

Figures 1a and 1b illustrate the MQR regression surface or Equation 4 fitted to the 

experimental data, reported in the original manuscript, for the unsoaked and soaked CBR ratios, 

respectively. As opposed to the MLR, the MQR well captures the curvature exhibited in 

experimental observations. The MQR model given in Equation 4 leads to higher R2 and lower 

NRMSE values compared with that of the MLR suggested by the authors (i.e. R2=0.980–0.981; 

and NRMSE=3.45%–3.55%). However, the MQR sacrifices simplicity in favor of higher 

accuracy. The MQR contains a total of six fitting parameters, which in turn could lead to long–

lasting and potentially sophisticated calibration procedures. In addition, both the MQR and the 

MLR fail to consider the mixture’s indigenous (or index) properties in describing the CBR. 

Quite clearly, the clay–tire crumbles–fly ash CBR problem is also dependent on the mixture’s 

initial placement (or compaction) condition, specific surface area, grain–size distribution and 

curing time, which are not accounted for in Equations 1 and 4. As a result, both the MQR and 
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the MLR are limited to the current experimental design and hence cannot be further extended 

to other soil types and/or design schemes. 

It has been the discussers’ experience that the dimensional analysis technique (Buckingham 

1914) well provides a feasible path towards the development of physically meaningful models 

capable of efficiently estimating strength–related parameters of stabilized soil mixtures as a 

function of the mixture’s index properties. The present discussion aims at the development of 

a simple and practical dimensional model capable of simulating the CBR (at both unsoaked and 

soaked conditions) of clay–tire crumbles–fly ash mixtures with an acceptable degree of 

accuracy, thereby avoiding the hurdles of conducting time–consuming laboratory CBR tests. 

2. Dimensional Analysis 

2.1. Model Development 

For a given type of clay soil blended with tire crumbles and/or treated with fly ash, the 

governing variables with respect to the clay–tire crumbles–fly ash CBR problem, as evident 

with the experimental results discussed by the authors in the original manuscript, can be 

categorized as: i) total weight of the mixture WM (in kg); ii) weight of tire crumbles WT (in kg); 

iii) weight of fly ash WF (in kg); iv) weight of water WW (in kg); v) initial dry unit weight of the 

mixture composite γdo (in N/m3); vi) specific surface area of the mixture mix

aS  (in m2/kg); vii) 

mean particle size/diameter of the mixture mix

50D  (in m); and viii) curing time t (in s). Therefore, 

the clay–tire crumbles–fly ash CBR problem, for unsoaked or soaked condition CBRU
 ˅ CBRS, 

can be expressed as: 

U S mix mix

1 M T F W do a 50CBR CBR ( , , , , , , , )f W W W W S D t =   (5) 

where f1=an unknown multi–variable functional expression. 

The Buckingham Pi theorem provides a method for deriving sets of dimensionless variables 

(commonly referred to as Pi or π terms) from given physical parameters, even if the governing 

functional expression (i.e. f1 in Equation 5) remains unknown (Buckingham 1914). The 

theorem states that any physical problem, such as the clay–tire crumbles–fly ash CBR problem 

expressed by Equation 5, involving N1 number of physical parameters with N2 number of basic 

physical dimensions (or units) can be further simplified to a new problem involving K=N1–N2 

number of dimensionless variables (or Pi terms) capable of adequately describing the original 
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problem in hand. As such, the system of N1=8 physical parameters (γdo is related to WM) and 

N2=3 basic physical dimensions (i.e. mass [M], length [L] and time [T]) given in Equation 5 

can be simplified to a new system involving K=5 dimensionless Pi terms as: 
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oπ CBR CBR=   (6) 
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 (10) 

where πo=dependent Pi term; π1 to π4=independent Pi terms; wo=initial water content of the 

mixture composite; and go=standard gravitational acceleration (=9.81 m/s2). 

Therefore, the clay–tire crumbles–fly ash CBR problem (for unsoaked or soaked condition) can 

be represented by the following simplified expression: 

U S

o 2 1 2 3 4π CBR CBR (π , π , π , π )f=  =  (11) 

where f2=an unknown multi–variable functional expression. 

As outlined by the authors in the original manuscript, samples for the CBR tests were prepared 

at the corresponding optimum condition of each mixture (obtained via modified Proctor effort), 

thus implying that wo=optimum water content and γdo=maximum dry unit weight (values have 

been presented in Figures 10 and 11 of the original manuscript). The specific surface area for 

the clay soil can be estimated by the following empirical relationship (Locat et al. 1984; 

Williamson and Cortes 2014): 

C

a p
10
7 5S I= +  (12) 
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where C

aS =specific surface area of the clay soil (in m2/gr); and Ip=plasticity index of the clay 

soil (in %). 

Based on Table 1 in the original manuscript, the clay soil has a plasticity index of 18.8%, thus 

implying that C

aS =31.86 m2/gr. For mixtures involving either tire crumbles and/or fly ash, the 

following relationship can be used to estimate the mixture’s specific surface area mix

aS  

(Williamson and Cortes 2014; Zhao et al. 2016): 

mix C T FT F T F
a a a a

M M M

1
W W W W

S S S S
W W W

     +
= − + +     
     

 (13) 

where T

aS =specific surface area of tire crumbles (taken as 0.050 m2/gr, as reported by Thiele 

and Winkler (2005)); and F

aS =specific surface area of fly ash (taken as 0.355 m2/gr, as reported 

by Ramezanianpour (2014)). 

Similarly, the mixture’s mean particle size/diameter mix

50D  can be estimated by: 

mix C T FT F T F
50 50 50 50

M M M

1
W W W W

D D D D
W W W

     +
= − + +     
     

 (14) 

where C

50D =mean particle size of the clay soil (taken as 1.728×10–3 mm based on Figure 1 in 

the original manuscript); T

50D =mean particle size of tire crumbles (=0.73 mm, as reported in 

Table 2 of the original manuscript); and F

50D =mean particle size of fly ash (=0.01 mm, as 

reported in Table 3 of the original manuscript). 

In Equation 11, f2 is an unknown multi–variable functional expression which is to be obtained 

through trial and error. To complement the derivation of a simple and practical dimensional 

model, it is essential that any suggested functional expression, while arriving at a reliable 

estimate of CBRU and CBRS, contains a limited number of model (or fitting) parameters which 

could be adequately calibrated by minimal experimental effort as well as simple explicit 

calculations. One of the more common yet simple solutions in this context includes the multi–

variable power function (Simon et al. 2017), which for the four independent Pi terms problem 

given in Equation 11 can be expressed as: 
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1

4
U S

o 2 1 2 3 4

1

π CBR CBR (π , π , π , π ) π i

i

i

f −

=

=  = =
  (15) 

where and βi–1=model parameter (dimensionless); and i=index of multiplication. 

To avoid mathematical singularities and/or scaling effects associated with SI unit conversions, 

each of the independent Pi terms, while retaining their dimensionless nature, can be 

mathematically manipulated. Common manipulations, as suggested in the literature (e.g. Buzzi 

et al. 2011; Simon et al. 2017), include π+R, π R and πR (i.e. R=a constant real number). As 

outlined in Table 5 of the original manuscript, the independent Pi terms π1=Tc and π2=Fc can 

also take values of zero for some mix designs (e.g. clay soil blended with no tire crumbles and 

treated with Fc=5% fly ash or clay soil blended with Tc=0.5% tire crumbles and treated with no 

fly ash). As such, π1 and π2 were changed to (1– π1) and (1–π2) to avoid mathematical 

singularities. In addition, π4 was multiplied by 10–8 to avoid scaling effects and hence improve 

convergence in fitting of the experimental data. Taking into account the aforementioned 

considerations, Equation 15 can now be expressed as: 

o 31 2 8

o 1 2 3 4π (1 π ) (1 π ) (π ) (10 π )−= − −
    (16) 

3

o 1 2

8
U S o

c c o
mix mix

50 do a
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CBR CBR (1 ) (1 ) ( )

t
T F w

D S

− 
  = − −
 
 



  


 (17) 

The only unknown in Equation 17 is the curing time t. Given that this aspect was not mentioned 

in the original manuscript, it was perceived that immediate curing conditions prevail. An 

immediate curing condition can be represented by t=1 s, which was also adopted in this 

discussion for model calibration. 

2.2. Model Performance 

The dimensional model given in Equation 17 was fitted to the experimental CBRU and CBRS 

datasets (presented in Figure 13 of the original manuscript) by means of the non–linear least 

squares optimization technique (Soltani et al. 2018). Statistical fit–measure indices, i.e. R2, 

RMSE (Equation 2) and NRMSE (Equation 3), were then obtained for model validation (and 

to compare the performance of the proposed dimensional model with the MLR model or 

Equation 1 suggested in the original manuscript). The regression analysis outputs with respect 
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to the proposed dimensional model or Equation 17 are summarized in Table 1 for both 

unsoaked and soaked conditions. The dimensional model clearly outperforms the MLR 

suggested in the original manuscript, as evident with the higher R2 and lower NRMSE values. 

The R2 values were unanimously above the 0.98 margin (0.83–0.84 for the MLR model), 

indicating that leastwise 98% of the variations in experimental observations are captured and 

further explained by the dimensional model. The NRMSE values were found to be less than 4% 

for all cases (18.47%–19.06% for the MLR model), signifying a maximum offset of only 4% 

associated with the predictions. Figures 2a and 2b illustrate predicted (by Equation 17) versus 

actual data, along with the corresponding 95% prediction bands/intervals, for various clay–tire 

crumbles–fly ash mix designs at unsoaked and soaked conditions, respectively. As opposed to 

the MLR model (see Figures 14 and 15 in the original manuscript), minor scatter can be 

observed, as evident with the clustering/overlapping of data points with the line of equality. In 

addition, all data points firmly lie between the upper and lower 95% prediction intervals, thus 

indicating no major outliers associated with the predictions. 

3. Summary and Conclusions 

The dimensional analysis concept was successfully extended to the clay–tire crumbles–fly ash 

CBR problem, thereby leading to the development of a simple and practical dimensional model 

capable of predicting the CBR (at both unsoaked and soaked conditions) as a function of the 

mixture’s basic index properties, i.e. stabilizer content, initial placement (or compaction) 

condition, specific surface area, grain–size distribution and curing time. The predictive capacity 

of the proposed dimensional model was examined and further validated by statistical 

techniques. The proposed dimensional model contains a total of four model (or fitting) 

parameters, which can be calibrated by little experimental effort and hence implemented for 

predictive purposes. The model parameters can be adequately estimated by a total of four 

unsoaked or soaked CBR tests. Four scenarios consisting of the clay soil with no additives, a 

desired clay–tire crumbles mixture (no fly ash), a desired clay–fly ash mixture (no tire 

crumbles), and a desired clay–tire crumbles–fly ash mixture are recommended for the 

calibration phase. The choice of tire crumbles and fly ash contents are arbitrary; however, from 

a statistical perspective, median contents are expected to yield a more reliable estimate of the 

model parameters (Mirzababaei et al. 2018). 
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Table 1. Summary of the regression analysis outputs with respect to the proposed dimensional model or Equation 17 for both unsoaked and soaked 

conditions. 

Variable βo β1 β2 β3 R2 RMSE NRMSE (%) 

CBRU (dimensionless) 4.633 0.250 4.551 –0.406 0.981 1.898×10–2 3.44 

CBRS (dimensionless) 4.075 0.292 4.747 –0.390 0.980 1.168×10–2 3.51 
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data reported in the original manuscript: (a) unsoaked CBR ratio RU; and (b) soaked CBR ratio 

RS. 

Figure 2. Predicted (by Equation 17) versus actual data, along with the corresponding 95% 

prediction bands, for various clay–tire crumbles–fly ash mix designs: (a) unsoaked CBR; and 

(b) soaked CBR.
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Figure 1. The multiple quadratic regression (MQR) surface or Equation 4 fitted to the CBR data reported in the original manuscript: (a) 

unsoaked CBR ratio RU; and (b) soaked CBR ratio RS. 
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Figure 2. Predicted (by Equation 17) versus actual data, along with the corresponding 95% 

prediction bands, for various clay–tire crumbles–fly ash mix designs: (a) unsoaked CBR; and 

(b) soaked CBR. 
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Abstract 

This study examines the rubber’s capacity of ameliorating the swell–shrink potential of 

expansive clays. The test program consisted of standard Proctor compaction and cyclic wetting–
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rubber amending mechanisms, and to observe the evolution of fabric in response to alternate 

wetting and drying. Cyclic wetting–drying led to the reconstruction of the soil/soil–rubber 

micro–structure by way of inducing aggregation and cementation of the soil grains. The greater 

the number of applied cycles the lower the swell–shrink features, following a monotonic 

decreasing trend with the rubberized blends holding a notable advantage over the virgin soil. 

The tendency for reduction, however, was in favor of a larger rubber size and more importantly 

the rubber’s elongated form factor, thus predicating a rubber size/shape–dependent amending 

mechanism. The soil–rubber amending mechanisms were discussed in three aspects, namely 

increase in non–expansive content, frictional resistance generated as a result of soil–rubber 

contact, and mechanical interlocking of rubber particles and soil grains. The swell–shrink 

patterns indicated an expansive accumulated deformation for the virgin soil, while the 

rubberized blends manifested a relatively neutral deformational state, thereby corroborating the 

rubber’s capacity to counteract the heave and/or settlement incurred by alternate wetting and 

drying. 

Keywords: Expansive clay; Rubber size/shape; Cyclic wetting–drying; Swell–shrink potential; 

Accumulated deformation; Frictional resistance; Mechanical interlocking.  
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1. Introduction 

The design and implementation of geo–structures often necessitate incorporating expansive 

clays, with high moisture susceptibility and low bearing capacity, into the construction. A 

notable fraction of the expansive clay is constituted of active smectite minerals, such as 

montmorillonite, which exhibits significant swell–shrink volume changes (as well as 

desiccation–induced cracking) upon the addition or removal of water (Jones and Jefferson 

2012). Such actions bring forth major instability concerns to the overlying structures, and thus 

demand engineering solutions to alleviate the associated socio–economic impacts on human 

life (Soltani et al. 2018a). Common solutions to counteract the adversities associated with 

expansive clays include soil replacement and/or soil stabilization. The former involves 

substituting a portion of the low–graded expansive clay with desired quarried materials (or 

aggregates) possessing minimal swell–shrink tendency. The latter refers to any chemical, 

mechanical or combined chemical–mechanical practice of altering the expansive clay fabric to 

meet the intended engineering criteria (Soltani et al. 2017a). The chemical stabilization scheme 

makes use of chemical binders, e.g. cement, lime, fly ash, polymers and sulfonated oils, which 

initiate a series of short– and long–term chemical reactions in the soil–binder medium, thereby 

amending the soil fabric into a coherent matrix of improved mechanical performance (e.g. Al-

Rawas et al. 2005; Mirzababaei et al. 2009; Estabragh et al. 2014; Onyejekwe and Ghataora 

2015; Alazigha et al. 2016; Soltani et al. 2017b; Mirzababaei et al. 2018a). Mechanical 

stabilization often involves the placement of random or systematically–engineered 

reinforcements in the soil regime, e.g. fibers and geogrids, thereby engendering a spatial three–

dimensional reinforcement network in favor of weaving/interlocking the soil grains into a 

unitary mass of restricted swell–shrink movements (e.g. Al-Omari and Hamodi 1991; Cai et al. 

2006; Al-Akhras et al. 2008; Viswanadham et al. 2009; Estabragh et al. 2014; Phanikumar and 

Singla 2016; Soltani et al. 2018b). Though proven effective, conventional stabilization agents 

often suffer from sustainability issues related to high manufacturing and/or transportation costs, 

and environmental concerns due to greenhouse gas emissions. 

A sustainable stabilization scheme can be characterized as one that maintains a perfect balance 

between infrastructure performance and the social, economic and ecological processes required 

to maintain human equity, diversity, and the functionality of natural systems. The transition 

towards sustainable stabilization necessitates reusing solid wastes and/or industrial by–products 

as part of the infrastructure system, and more specifically as replacements for conventional 

stabilization agents. Promising replacements, as reported in the literature, consist of recycled 
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tire rubbers, waste textiles, demolition wastes and silicate/calcium geopolymers (e.g. Kim et al. 

2008; Mirzababaei et al. 2013a, 2013b; Arulrajah et al. 2017; Kua et al. 2017; Mirzababaei et 

al. 2018b; Phummiphan et al. 2018). Among others, discarded tires constitute for the largest 

volume of disposals throughout the world, and as such, demand further attention. The use of 

recycled tire rubbers in geotechnical practice dates back to the early 1990s, where theoretical 

concepts governing the performance of soil–rubber blends were put into perspective. It was 

noted that similar to fiber–reinforced soils, the rubber assemblage randomly distributes in the 

soil regime, and when optimized in content and geometry, alters the soil fabric by amending 

the bonding along the interface (or contact) between the soil and the reinforcement, thereby 

enhancing the integrity and stability of the low–graded host soil (Edil and Bosscher 1994; Foose 

et al. 1996; Al-Tabbaa et al. 1997; Lee et al. 1999; Zornberg et al. 2004). The literature from 

this era, however, was mainly focused on coarse–grained soils, and as such, the rubber’s 

capacity in ameliorating the inferior characteristics of expansive clays remained rather vague. 

Recent contributions addressing the swelling behavior of rubber mixed expansive clays are 

summarized in Table 1. Based on these studies, the soil–rubber amending mechanisms can be 

primarily attributed to the rubber content, with higher rubber inclusions yielding a more 

pronounced reduction of the swelling capacity. Moreover, the rubber’s geometrical features, 

mainly defined in terms of the rubber’s mean particle size, may also portray an equally 

important role. The latter, however, still remains a rather limited area of study and hence 

requires further examination. 

Seasonal fluctuations, defined as alternate periods of rainfall and drought (or cyclic wetting–

drying), lead to the reconstruction of the soil micro–structure, which in turn alters the volume 

change behavior of the expansive clay (Zhang et al. 2006). Consequently, arriving at reliable 

solutions capable of counteracting the adversities associated with expansive clays demands a 

further examination of the introduced stabilization scheme under the cyclic wetting–drying 

action. The cyclic wetting–drying behavior of natural expansive clays has been well 

documented in the literature (e.g. Osipov et al. 1987; Dif and Bluemel 1991; Day 1994; Al-

Homoud et al. 1995; Subba Rao 2000; Tripathy et al. 2002; Alonso et al. 2005; Tripathy and 

Subba Rao 2009; Estabragh et al. 2015; Rosenbalm and Zapata 2017; Zhao et al. 2017; 

Estabragh et al. 2018). In comparison, the number of documented studies addressing the cyclic 

wetting–drying behavior of stabilized expansive clays are limited, most of which have been 

carried out in the context of chemical stabilization by means of cementitious and polymeric 

agents (e.g. Guney et al. 2007; Yazdandoust and Yasrobi 2010; Kalkan 2011; Estabragh et al. 
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2013; Thyagaraj and Zodinsanga 2014; Alazigha et al. 2016; Soltani et al. 2017b). To the 

authors’ knowledge, however, the cyclic wetting–drying behavior of rubber mixed expansive 

clays remains undetermined. 

To complement a further step towards sustainability, the present study intends to examine the 

rubber’s capacity (of both fine and coarse categories) in ameliorating the inferior characteristics 

of expansive clays. The experimental program consisted of standard Proctor compaction and 

cyclic wetting–drying tests. The scanning electron microscopy (SEM) analysis was also 

introduced to identify the soil–rubber amending mechanisms, and to observe the evolution of 

fabric in response to alternate wetting and drying. 

2. Materials 

2.1. Expansive Clay Soil 

The soil used in this study was a mixture of 85% kaolinite and 15% sodium–activated bentonite 

(Soltani et al. 2018c). Mechanical properties of the soil, determined as per relevant ASTM and 

Australian standards, are summarized in Table 2. The conventional gradation analysis, carried 

out in accordance with ASTM D422–07, indicated a clay fraction (< 2 μm) of 52.80%, along 

with 46.16% silt (2–75 μm) and 1.04% fine sand (0.075–0.425 mm). The liquid limit and 

plasticity index were measured as wL=59.60% and IP=32.32%, from which the soil was 

characterized as clay with high plasticity (CH) in accordance with the Unified Soil 

Classification System (USCS). The free swell ratio was measured as FSR=2.91, from which 

the soil was graded as highly expansive (Sridharan and Prakash 2000a; Prakash and Sridharan 

2004). Other soil properties, as supplied by the manufacturer, included a pH of 7.80, a specific 

surface area (SSA) of 42.75 m2/g, and a cation exchange capacity (CEC) of 21.65 meq/100mL. 

2.2. Recycled Tire Rubbers 

Commercially available recycled tire rubbers of both fine (herein RA) and coarse (herein RB) 

gradations were used for swell–shrink mitigation (Soltani et al. 2018c). Physical properties and 

chemical composition of the rubbers, as supplied by the manufacturer, are tabulated in Table 

3. The particles of RA were analogous in size to fine–medium sand (0.075–2 mm), whereas RB 

was graded into the medium–coarse sand category (0.425–4.75 mm). The coefficients of 

uniformity and curvature were measured as Cu=2.81 and Cc=1.20 for RA, and Cu=1.56 and 

Cc=1.04 for RB, from which both rubber types were characterized as poorly–graded (SP) in 
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accordance with the USCS criterion. The specific gravity (at 20 oC) for both rubber types was 

provided as Gsr=1.09, which is in compliance with that reported in the literature (see Yadav and 

Tiwari (2017c) for details). The scanning electron microscopy (SEM) technique was utilized to 

observe the rubber’s surface features, and the results are provided in Figure 1. The rubber 

particles are non–spherical and highly irregular in shape, with some cavities and micro–cracks 

propagated along the rubber’s surface, thus predicating a rough surface texture. Such surface 

features may potentially engender a spatial three–dimensional reinforcement network in favor 

of interlocking the soil grains into a coherent matrix of enhanced mechanical performance 

(Yadav and Tiwari 2017b; Soltani et al. 2018a). 

3. Experimental Methodologies 

Three mix designs, consisting of the virgin soil (herein C) and two rubberized blends (herein 

CRA and CRB), were considered for the experimental program. The choice of rubber content 

for the rubberized blends was taken as 10% (by weight of dry soil), which was deemed as 

optimum to satisfy desirable improvements in the swell–shrink–consolidation capacity (without 

cyclic wetting–drying action) as well as the strength–related features (see Soltani et al. (2018c) 

for details). The experimental program was carried out in two phases consisting of preliminary 

compaction studies and cyclic wetting–drying tests. The scanning electron microscopy (SEM) 

analysis was also introduced to complement the discussion on soil–rubber interactions during 

alternate wetting and drying. 

3.1. Compaction Studies and Sample Preparations 

The three mix designs, i.e. C, CRA and CRB, were tested for Standard Proctor compaction 

characteristics in accordance with ASTM D698–12, and the results are provided in Figure 2. 

The specific gravity of CRA and CRB was estimated by the weighted averaging technique 

(Trouzine et al. 2012; Soltani et al. 2018d), which resulted in Gsm=2.40 for both rubberized 

blends. As a result of rubber inclusion, the compaction locus experienced a downward–leftward 

translation over the γd:w space (γd=dry unit weight; and w=water content), indicating a notable 

reduction in both the maximum dry unit weight γdmax and the optimum water content wopt. The 

effect of rubber size, however, was observed to be marginal. The virgin soil resulted in 

γdmax=15.07 kN/m3 (wopt=26.00%), while the inclusion of 10% RA and RB resulted in 

γdmax=14.35 kN/m3 and 14.37 kN/m3 (wopt=23.87% and 23.46%), respectively. Such trends can 

be attributed to the lower specific gravity, larger specific surface area and lower water 
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adsorption capacity of the rubber particles compared with the soil grains (Cabalar et al. 2014; 

Signes et al. 2016; Soltani et al. 2018d). 

Samples for the cyclic wetting–drying tests were prepared at their respective dry of optimum 

condition (defined as 5% less than optimum water content and its relative dry unit weight), i.e. 

point O for C, point A for CRA and point B for CRB (see Figure 2). The choice of dry of 

optimum placement was to accommodate delay in compaction under field conditions. The 

virgin soil and the two rubberized blends were each statically compacted to the desired 

placement condition in the oedometer mold (measuring 50 mm in diameter and 20 mm in 

height), and further subjected to cyclic wetting–drying tests (see Section 3.2). Supplementary 

details with regard to the sample preparations, including mixing and static compaction, can be 

found in Soltani et al. (2018c). 

3.2. Cyclic Wetting–Drying Test 

The desired sample, i.e. C, CRA or CRB, was inundated with water and allowed to freely swell 

in a conventional oedometer setup under a low nominal overburden stress of 1 kPa (ASTM 

D4546–14). The incurred axial swelling strain was recorded (by a digital displacement 

transducer) during predefined time intervals to a point at which the ultimate swelling strain, 

denoted as swelling potential, could be achieved. Upon completion of the wetting process, 

reservoir water was drained through a drainage valve embedded within the oedometer cell. The 

oedometer cell, which houses the swollen sample, was then transferred to an oven where drying 

of the sample was attempted at a constant temperature of 40 oC. The incurred axial shrinkage 

strain was regularly monitored (by a dial displacement transducer) to a point at which the 

ultimate shrinkage strain, denoted as shrinkage potential, could be achieved. The combination 

of one wetting and the subsequent drying stage is designated as one wetting–drying cycle. For 

any given cycle, the swelling/shrinkage potential can be obtained as: 
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where SP(N)=swelling potential with respect to the N th wetting cycle; SHP(N)=shrinkage 

potential with respect to the N th drying cycle; ΔHu(N)=ultimate change in the sample’s 

thickness with respect to the N th wetting or drying cycle; and Ho(N–1)=sample’s thickness prior 

commencement of the N th wetting or drying cycle. 
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The swelling and shrinkage potentials may either decrease or increase with an increase in the 

number of applied cycles, and regardless of the observed trend, attain equilibrium upon the 

completion of several cycles (Subba Rao 2000). In the present study, the equilibrium condition 

was noted at the fourth cycle, and as such, only five wetting–drying cycles were implemented 

for the tested samples. The void ratio–water content relationship during shrinkage, denoted as 

the shrinkage curve, was also measured at the first and fifth drying cycles. For each mix design, 

a total of two duplicated samples were subjected to cyclic wetting–drying and dismantled upon 

completion of the first and fifth wetting stages. The swollen samples were then carefully 

removed from the oedometer cell and transferred to an oven where drying was attempted at a 

constant temperature of 40 oC. The samples were regularly tested for void ratio (ASTM D427–

04) and water content (ASTM D2216–10) to a point at which shrinkage ceased. 

3.3. Micro–Structure Analysis 

Scanning electron microscopy (SEM) studies were carried out to observe the evolution of fabric 

in response to alternate wetting and drying. The Philips XL20 scanning electron microscope, 

with a resolution of 4 μm and a maximum magnification ratio of 50,000×, was employed for 

SEM imaging. Two cases (or samples) were tested for each mix design: i) prior wetting–drying 

(or as–compacted); and ii) after wetting–drying (or at the end of the fifth drying cycle). The 

samples were carefully fractured into small cubes, measuring approximately 1 cm3 in volume 

(Tang et al. 2007; Yazdandoust and Yasrobi 2010; Soltani et al. 2018a), and further scanned 

over various magnification ratios ranging from 150x to 20,000x. 

4. Results and Discussion 

4.1. Swelling Characteristics 

Swell–time curves for the samples C, CRA and CRB during alternate wetting cycles are 

provided in Figures 3a–3c, respectively. As a result of alternate wetting and drying, the swell–

time locus encountered a major downward shift over the εsw:logt space (εsw=axial swelling 

strain; and t=elapsed time of swelling), indicating a significant reduction in the magnitude of 

exhibited swelling strain during swell evolvement. At any given elapsed time of swelling, the 

greater the number of applied cycles N the lower the swelling tendency, with both rubberized 

blends holding a notable advantage over the virgin soil. At t=24 h, for instance, the virgin soil 

resulted in εsw=15.23%, 14.05%, 9.20%, 7.95% and 8.07% at N=1–5 (see Figure 3a), while the 
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inclusion of 10% RA resulted in lower values of 11.77%, 9.96%, 7.92%, 6.67% and 6.37%, 

respectively (see Figure 3b). The same 10% inclusion of RB demonstrated a more pronounced 

decreasing trend, as the aforementioned values dropped to εsw=11.44%, 8.43%, 6.51%, 4.59% 

and 4.69% (at N=1–5), respectively (see Figure 3c). 

Figure 4 illustrates the variations of swelling potential SP against the number of applied cycles 

for the tested samples. The greater the number of applied cycles the lower the swelling potential, 

following a monotonic decreasing trend with marginal variations beyond the equilibrium cycle 

(or N=4). For any given cycle, the swelling potential can be orderly ranked as C > CRA > CRB, 

thus predicating a rubber size/shape–dependent amending mechanism. The virgin soil resulted 

in SP=18.35%, 15.34%, 10.43%, 9.04% and 9.20% at N=1–5, respectively. With the inclusion 

of 10% RA, the aforementioned values dropped to 13.01%, 11.21%, 8.64%, 7.21% and 7.13%, 

respectively. The rubber of coarser category (or RB) consistently outperformed the finer rubber 

(or RA) in terms of lower SP values (particularly at N ≥ 2), which were measured as 12.18%, 

9.37%, 7.11%, 5.01% and 5.09% at N=1–5, respectively. 

A typical swell–time path, plotted over the εsw:logt space, develops into an S–shaped curve, 

thereby suggesting three phases during swell evolvement, i.e. initial, primary and secondary 

swelling (Sivapullaiah et al. 1996; Day 1999; Sridharan and Gurtug 2004; Soltani et al. 2017a, 

2018a). The initial swelling stage progresses at macro–structural level where swelling of active 

smectite minerals takes place within the inter–assemblage pore–spaces. This stage prolongs to 

a point at which the inter–assemblage pore–spaces become incapable of accommodating further 

expansion incurred by active clay minerals. Consequently, initial swelling accounts for minor 

inter–void volume changes often less than 10% of the total volume increase or swelling 

potential (e.g. see sample C at N=1 in Figure 3a). The primary swelling stage constitutes for 

up to 80% of the total volume increase, and is graphically represented by a steep–sloped linear 

relationship, indicating an escalated rate of swelling with respect to time (e.g. see sample C at 

N=1 in Figure 3a). The secondary swelling stage takes place as a result of double–layer 

repulsion, and thus accounts for small time–dependent volume changes often similar to that of 

the initial swelling phase (e.g. see sample C at N=1 in Figure 3a). As opposed to initial 

swelling, both the primary and secondary swelling phases evolve at micro–structural level. The 

time–dependency nature of the swelling phenomenon can be interpreted by means of the 

coefficients of primary and secondary swelling, i.e. χpsw and χssw, which can be defined as 

(Soltani et al. 2018b): 
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where tisw, tpsw and tssw=completion time (from t=0) of the initial, primary and secondary 

swelling stages; and εpsw and εssw=axial swelling strain exhibited during the primary and 

secondary swelling regions. 

Figures 5a and 5b illustrate the variations of χpsw and χssw against the number of applied cycles 

for the tested samples, respectively. Similar to the swelling potential (see Figure 4), the greater 

the number of applied cycles the lower the swelling coefficients, with both rubberized blends 

holding a notable advantage over the virgin soil, thereby corroborating the rubber’s capacity to 

counteract the heave in both magnitude and time. The tendency for reduction, however, was 

found to be in favor of a larger rubber size, as evident with the lower swelling coefficients 

exhibited by CRB compared with that of CRA. The samples C, CRA and CRB resulted in 

χpsw=8.38×10–2, 5.92×10–2 and 5.58×10–2 (χssw=2.56×10–2, 1.46×10–2 and 1.19×10–2) at N=1, 

respectively. As optimum cases, the aforementioned values dropped to χpsw=4.14×10–2, 

3.27×10–2 and 2.27×10–2 (χssw=1.15×10–2, 0.77×10–2 and 0.50×10–2) at the equilibrium cycle 

(or N=4), respectively. 

4.2. Shrinkage Characteristics 

Figure 6 illustrates the variations of shrinkage potential SHP (obtained as per oedometer testing 

conditions) against the number of applied cycles N for the tested samples. The shrinkage 

potential demonstrated a trend similar to that observed for the swelling potential (compare 

Figures 4 and 6). In this case, the greater the number of applied cycles the lower the shrinkage 

potential, following a monotonic decreasing trend up to the equilibrium cycle (or N=3–4), 

beyond of which only marginal variations were noted. For any given cycle, the rubberized 

blends consistently outperformed the virgin soil in terms of lower SHP values. The tendency for 

shrinkage reduction, however, was found to be in favor of a larger rubber size, as evident with 

the lower SHP values (particularly at N ≥ 3) exhibited by CRB compared with that of CRA 

(compare the trendlines CRA and CRB in Figure 4). The virgin soil resulted in SHP=15.96%, 
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11.54%, 8.02%, 8.07% and 8.22% at N=1–5, while the inclusion of 10% RA resulted in lower 

values of 11.83%, 8.11%, 6.45%, 6.57% and 6.20%, respectively. The same 10% inclusion of 

RB demonstrated a more pronounced decreasing trend, as the aforementioned values dropped 

to SHP=10.67%, 8.05%, 4.87%, 4.97% and 5.21% (at N=1–5), respectively. 

Void ratio–water content shrinkage curves for the tested samples at N=1 and 5 are provided in 

Figure 7. Similar to the swell–time path (see Figure 3), the shrinkage curve also develops into 

an S–shaped curve, and thus suggests three phases during shrink evolvement, i.e. structural, 

primary and residual shrinkage (Haines 1923; Tripathy et al. 2002; Cornelis et al. 2006; 

Estabragh et al. 2015; Thyagaraj et al. 2017). The structural shrinkage phase progresses at 

macro–structural level where drainage of water takes place from the larger inter–assemblage 

pore–spaces. Consequently, this stage constitutes for minor (and often negligible) changes in 

the bulk soil volume (e.g. see sample C at N=1 in Figure 7a). The primary shrinkage stage is 

graphically represented by a steep–sloped linear relationship, indicating an escalated rate of 

shrinkage with respect to water loss. This portion of the shrinkage curve is theoretically parallel 

to the Sr=100% saturation line, and as such, the decrease in water volume brings forth an equal 

decrease in the bulk soil volume. Primary shrinkage extends up to the shrinkage limit where 

particles come into close contact and the contained water is just sufficient to fill the intra–

assemblage pore–spaces (e.g. see sample C at N=1 in Figure 7a). The residual shrinkage phase 

marks the entrance of air into the intra–assemblage pore–spaces, thereby promoting air–filled 

porosity coupled with a dense particle configuration. At this stage, the volume of lost water 

exceeds the decrease in bulk soil volume (e.g. see sample C at N=1 in Figure 7a). 

As a result of alternate wetting and drying, the shrinkage curve encountered a major vertical 

dilation over the e:w space (e=void ratio; and w=water content), indicating a reduced tendency 

for shrinkage. Furthermore, the primary shrinkage segment shifted away from its corresponding 

Sr=100% saturation line, thus signifying a tendency towards a more unsaturated character upon 

achieving equilibrium condition (compare N=1 with N=5 in Figure 7). As a typical case 

outlined in Figure 7b (see sample CRB at N=1), the shrinkage curve can be employed to obtain 

the volumetric shrinkage strain εvsh by means of basic volume–mass relations, i.e. εvsh=Δe/1+eo 

(Δe=change in void ratio; and eo=initial void ratio). The virgin soil resulted in εvsh=26.97% and 

14.28% at N=1 and 5, while the inclusion of 10% RA resulted in lower values of 20.33% and 

10.73%, respectively. The same 10% inclusion of RB demonstrated a slightly more pronounced 

decreasing trend, as the aforementioned values dropped to εvsh=19.60% and 9.85% (at N=1 and 

5), respectively. Cyclic wetting–drying and/or rubber inclusion led to a notable increase in the 
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shrinkage limit wS. The effect of rubber size/shape, however, was found to be rather marginal. 

The samples C, CRA and CRB resulted in wS=14.88%, 18.00% and 16.40% at N=1, while the 

aforementioned values increased to 17.47%, 20.87% and 19.92% at N=5, respectively. The 

shrinkage limit is adversely related to the packing capacity of particles during drying, which in 

turn is governed by the grain–size distribution. The more uniform/poor the grain–size 

distribution the lower the packing capacity and hence the higher the shrinkage limit (Sridharan 

and Prakash 1998, 2000b). The inclusion of poorly–graded rubber (see Table 3) offsets the 

well–graded distribution of the host soil, and as such, gives rise to higher shrinkage limits. 

Similarly, cyclic wetting–drying leads to a more uniform grain–size distribution by inducing 

aggregation and cementation of the soil grains (see Section 4.4 for details), which in turn results 

in higher shrinkage limits. 

4.3. Swell–Shrink Patterns 

The swelling and shrinkage potentials, obtained as per Equation 1 and illustrated in Figures 4 

and 6, can be incorporated (in a cumulative manner) to arrive at the accumulated axial 

deformation during alternate wetting and drying (Soltani et al. 2017b; Zhao et al. 2017): 
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where εc(N)=accumulated axial deformation at the N th wetting (specified as W) or drying 

(specified as D) cycle with respect to the sample’s initial (or as–compacted) placement 

condition. 

The accumulated deformation plotted against the number of applied cycles, commonly referred 

to as the swell–shrink pattern/path, can be employed to perceive/predict free surface ground 

movements under field conditions. Swell–shrink paths for the samples C, CRA and CRB are 

provided in Figure 8. As a result of rubber inclusion, the swell–shrink path, while lingering 

above the reference deformation level (or εc=0), encountered a notable downward shift over the 

εc:N space, thereby corroborating the rubber’s capacity to counteract the heave and/or 

settlement incurred by alternate wetting and drying. The nature and extent of the accumulated 

deformation can be interpreted by the slope of a two–parameter linear trendline fitted through 
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the desired εc–N dataset, i.e. η=Δεc/ΔN. Depending on the sign (and magnitude) of η, three 

scenarios can be hypothesized (Soltani et al. 2017b): 

• η>0: The magnitude of incurred swelling is greater than that of shrinkage, and as such, the 

accumulated deformation is expansive. Quite clearly, the greater the magnitude of η the 

higher the expansive tendency. 

• η<0: The magnitude of incurred shrinkage is greater than that of swelling, and as such, the 

accumulated deformation is contractive. In this case, the greater the magnitude of η the 

higher the tendency for contraction. 

• η=0: The magnitude of incurred swelling and shrinkage are on par with each other, and as 

such, the accumulated deformation is neutral and hence desirable for minimizing free 

surface ground movements. 

In terms of η, the tested mix designs can be orderly ranked as C > CRA >> CRB. The virgin soil 

resulted in η=1.42%, thus signifying an expansive accumulated deformation as a result of 

alternate wetting and drying. With the inclusion of 10% RA, the aforementioned value dropped 

to 1.23%, which indicates an expansive condition with lower expansive tendency compared 

with that of the virgin soil. The same 10% inclusion of RB, however, manifested a relatively 

neutral value of η=0.52%, thereby suggesting a more effective resistance to alternate wetting 

and drying compared with that of RA. 

4.4. Amending Mechanisms and Fabric Evolution 

The swelling and shrinkage potentials both exhibited a notable decreasing trend with an 

increase in the number of applied cycles (see Figures 4 and 6). Such trends can be attributed to 

the reconstruction of the soil micro–structure upon completion of the first or second cycle 

(Subba Rao 2000; Zhang et al. 2006; Estabragh et al. 2015; Zhao et al. 2017; Soltani et al. 

2018a). Capillary stresses generated as a consequence of drying facilitate the formation of 

strong van der Waals bonds capable of inducing aggregation and cementation of the soil grains. 

This is followed by a decrease in the expansive clay content, thereby leading to a reduced 

specific surface area and hence a lower water adsorption–retention capacity, which in turn bring 

forth a reduced tendency for swelling and shrinkage. 
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Scanning electron micrographs for the samples C, CRA and CRB, prior and after cyclic 

wetting–drying (or N=5), are provided in Figure 9. The micro–fabric of the as–compacted 

virgin soil sample (without wetting–drying action) exhibited a partly–dense matrix, along with 

a notable number of intra–assemblage pore–spaces which facilitate the entrance of water into 

the sample during wetting (see Figure 9a). As a result of alternate wetting and drying, the 

micro–fabric became more uniform in nature, indicating aggregation and cementation of the 

soil grains and hence the development of a matured dense matrix. Moreover, the intra–

assemblage pore–spaces displayed a notable reduction in both number and size, thus leading to 

a decreased water intrusion capacity and hence a reduced tendency for swelling (see Figure 

9b). Similar to the as–compacted virgin soil sample, the micro–fabric of the as–compacted 

rubberized blends, i.e. CRA and CRB, consisted of a partly–dense matrix, accompanied by a 

number of inter–assemblage pore–spaces mainly distributed along the soil–rubber connection 

interface. The rubber inclusions effectively limited the clay’s available surface area for 

interaction with water, which in turn gave rise to a reduced swelling potential compared with 

that of the as–compacted virgin soil sample. In addition, the rubber particles acted as physical 

anchors within the fabric, thereby interlocking the neighboring clay aggregates and hence 

withstanding tensile stresses developed during desiccation (see Figures 9c and 9e). Quite 

clearly, the larger particle size and elongated form factor of RB makes for a more pronounced 

interlocking and hence a higher resistance against swelling and shrinkage compared with that 

of RA (compare Figures 9c and 9e). With the progression of cyclic wetting–drying, the 

connection interface between the rubber particles and the clay matrices was markedly 

improved, as evident with the reduced number of inter–assemblage pore–spaces as well as the 

presence of clothed rubber particles; this in turn resulted in a further reduction of the swelling 

and shrinkage potentials (see Figures 9d and 9f). 

Taking into account the above discussions, as well as those outlined in previous studies (e.g. 

Patil et al. 2011; Trouzine et al. 2012; Yadav and Tiwari et al. 2017b; Soltani et al. 2018a; 

2018c), the soil–rubber amending mechanisms can be ascribed to the following three aspects: 

• Increase in non–expansive content: The swell–shrink capacity is primarily a function of 

the soil’s expansive clay content, implying that the lower the expansive clay content the 

lower the tendency for swelling and shrinkage. The rubber inclusions substitute a fraction 

of the expansive clay content with non–plastic hydrophobic rubber particles, thereby leading 

to a reduction of the swell–shrink capacity. 
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• Frictional resistance generated as a result of soil–rubber contact: The frictional 

resistance is a function of soil‒rubber contact area, with greater contact levels offering a 

higher resistance to bear the swell–shrink forces. Consequently, this amending mechanism 

can be ascribed to the rubber content, and to some degree the rubber size. For any given 

rubber content, the coarser the rubber particles (or the lower the rubber’s specific surface 

area) the greater the achieved contact level (or interface) between the rubber particles and 

the soil grains, and thus the higher the generated frictional resistance against swelling and 

shrinkage (compare CRB with CRA in Figures 4 and 6). 

• Mechanical interlocking of rubber particles and soil grains: Mechanical interlocking is 

achieved during sample preparation (or compaction), and induces matrix adhesion by 

immobilizing the soil grains against swell–shrink movements. Quite clearly, the more 

effective the achieved mechanical interlocking the higher the resistance to swelling and 

shrinkage. Consequently, this amending mechanism is in line with the rubber content, and 

more importantly the rubber shape. As opposed to the granular form factor of RA, the 

particles of RB are rather fiber–shaped or elongated (see Figure 1), and thus favor a more 

pronounced mechanical interlocking by entwining within the matrix and immobilizing the 

soil grains against swell–shrink movements with increased efficiency (compare CRB with 

CRA in Figures 4 and 6). 

5. Conclusions 

The following conclusions can be drawn from this study: 

• Alternate wetting and drying led to the reconstruction of the soil/soil–rubber micro–

structure by way of inducing aggregation and cementation of the soil grains. The greater the 

number of applied cycles the lower the swelling and shrinkage potentials, following a 

monotonic decreasing trend with the rubberized blends holding a notable advantage over 

the virgin soil. The tendency for reduction, however, was found to be in favor of a larger 

rubber size, thus signifying a rubber size/shape–dependent amending mechanism. 

• The axial swelling strain–time data (time in logarithmic scale) developed into an S–shaped 

curve, and thus suggested three phases during swell evolvement, i.e. initial, primary and 

secondary swelling. As a result of cyclic wetting–drying and/or rubber inclusion, the swell–
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time locus encountered a major downward shift, thereby indicating a capacity to counteract 

the heave in both magnitude and time. 

• The void ratio–water content shrinkage data also developed into an S–shaped curve, and 

thus suggested three phases during shrink evolvement, i.e. structural, primary and residual 

shrinkage. As a result of cyclic wetting–drying and/or rubber inclusion, the shrinkage curve 

encountered a major vertical dilation, thus indicating a reduced tendency for shrinkage. 

Furthermore, alternate wetting and drying and/or rubber inclusion led to a notable increase 

in the shrinkage limit, while the effect of rubber size/shape was found to be marginal. 

• The rubber inclusions led to a notable decrease in the magnitude of the accumulated axial 

deformation during successive wetting–drying cycles. The swell–shrink patterns/paths 

indicated an expansive accumulated deformation for the virgin soil, while the rubberized 

blends, particularly the one blended with the rubber of coarser category, manifested a 

relatively neutral accumulated deformation, thereby corroborating the rubber’s capacity to 

counteract the heave and/or settlement incurred by alternate wetting and drying. 
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Table 1. Recent contributions addressing the swelling behavior of rubber mixed expansive clays. 

Reference 

 

Soil properties 

 

Rubber properties 

 

Other additives 
wL (%) IP (%) USCS Type Size (mm) Content (%) 

Al-Tabbaa and Aravinthan 

(1998) 
34 12 CL Shreds 1–4 and 4–8 6–15 (w) — 

Cokca and Yilmaz (2004) — — — Crumbs 0.08–0.85 1–10 (w) Bentonite 

Seda et al. (2007) 52 34 CH Shreds 2–6.7 30 (v) — 

Patil et al. (2011) 81 58 CH Crumbs 0.075–0.85 20–36 (v) — 

Trouzine et al. (2012) 45 22 CI Fibers 5–30 in length 10–50 (w) — 

133 83 CH 

Kalkan (2013) 72 37 MH Fibers 
5–10 in length (0.25–1.25 in 

width) 
1–4 (w) Silica fume 

Cabalar et al. (2014) 50 27 CI Buffings 0.6–4.75 5–15 (w) Lime 

Srivastava et al. (2014) 61 32 CH Shreds 0.075–2 and 2–4.75 5–50 (w) — 

Signes et al. (2016) 52 28 CH Crumbs 0.08–2 2.5–25 (w) — 

Mukherjee and Mishra (2017) 32 — — Chips 2–4.75 5–15 (w) — 

Yadav and Tiwari (2017a) 34 9 CI Crumbs 0.8–2 2.5–10 (w) Cement 

Yadav and Tiwari (2017b) 34 9 CI Fibers 
10–15 in length (2–3 in 

width) 
2.5–10 (w) Cement 

Mukherjee and Mishra (2018) — — — Chips 2–4.75 5–15(w) — 

Soltani et al. (2018a) 78 56 CH Crumbs/Powder 0.075–1.18 10–30 (w) Polyacrylamide 

Soltani et al. (2018c) 60 33 CH Crumbs/Powder 0.075–1.18 5–30 (w) — 

Buffings 1.18–4.75 

Note: 

wL=liquid limit; IP=plasticity index; USCS=Unified Soil Classification System; CL=clay with low plasticity; CI=clay with intermediate plasticity; CH=clay 

with high plasticity; MH=silt with high plasticity; (w)=by weight; and (v)=by volume. 
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Table 2. Mechanical properties of the expansive clay soil. 

Properties Value Standard designation 

Specific gravity, Gss 2.73 ASTM D854–14 

Grain–size distribution 

Clay (< 2 μm) (%) 52.80 ASTM D422–07 

Silt (2–75 μm) (%) 46.16 

Fine sand (0.075–0.425 mm) (%) 1.04 

Medium sand (0.425–2 mm) (%) — 

Coarse sand (2–4.75 mm) (%) — 

Consistency limits 

Liquid limit, wL (%) 59.60 AS 1289.3.9.1–15 

Plastic limit, wP (%) 27.28 AS 1289.3.2.1–09 

Plasticity index, IP=wL–wP (%) 32.32 

Linear shrinkage, LS (%) 8.19 AS 1289.3.4.1–08 

Shrinkage index, IS=wL–LS (%) 51.41 Sridharan and Nagaraj (2000) 

Classifications 

USCS classification CH ASTM D2487–11 

Free swell ratio, FSR† 2.91 Sridharan and Prakash (2000a)/ 

Prakash and Sridharan (2004) 
Degree of expansivity High 

Compaction characteristics 

Optimum water content, wopt (%) 26.00 ASTM D698–12 

Maximum dry unit weight, γdmax (kN/m3) 15.07 

Strength characteristics 

Unconfined compressive strength, qu (kPa)‡ 112.62 ASTM D2166–16 

Splitting tensile strength, qs (kPa)‡ 13.57 ASTM C496–17 

Note: 
†ratio of equilibrium sediment volume of 10 g oven–dried soil passing sieve 425 μm in 

distilled water to that of kerosene; and ‡tested at Proctor optimum condition. 
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Table 3. Physical properties and chemical composition of the recycled tire rubbers. 

Properties Crumbs (RA) Buffings (RB) 

Grain–size distribution† 

D10 (mm) 0.182 1.077 

D30 (mm) 0.334 1.370 

D60 (mm) 0.513 1.682 

D90 (mm) 0.864 2.105 

Coefficient of uniformity, Cu=D60/D10 2.81 1.56 

Coefficient of curvature, Cc=D30
2/D10D60 1.20 1.04 

USCS classification SP SP 

Physical properties 

Solubility in water Insoluble 

Water adsorption Negligible (< 4%) 

Resistance to acid/alkaline Excellent 

Softening point (oC) 170 

Specific gravity, Gsr (at 20 oC) 1.09 

Chemical composition 

Styrene–Butadiene copolymer (%) 55 

Carbon black (%) 25–35 

Acetone extract (%) 5–20 

Zinc oxide (%) 2–3 

Sulphur (%) 1–3 

Note: 
†ASTM D422–07 method. 
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Figure 1. Recycled tire rubbers at different magnification ratios: (a) RA (no magnification); (b) RA (150x magnification); (c) RA (500x 

magnification); (d) RB (no magnification); (e) RB (150x magnification); and (f) RB (250x magnification). 
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(d) (e) (f)
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Figure 2. Standard Proctor compaction curves for the tested mix designs (ZAV=zero–air 

voids): (a) C/CRA; and (b) C/CRB. 
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Figure 3. Swell–time curves during alternate wetting cycles: (a) C; (b) CRA; and (c) CRB. 
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Figure 4. Variations of swelling potential against the number of applied cycles for the tested 

samples. 
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Figure 5. Rate of swelling for the tested samples during alternate wetting cycles: (a) primary 

swelling coefficient; and (b) secondary swelling coefficient. 
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Figure 6. Variations of shrinkage potential against the number of applied cycles for the tested 

samples. 
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Figure 7. Void ratio–water content shrinkage curves (at N=1 and 5) for the tested samples: (a) 

C/CRA; and (b) C/CRB. 
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Figure 8. Swell–shrink patterns for the tested samples. 
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Figure 9. Scanning electron micrographs for the tested samples. 
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(b) Sample C (N=5) (d) Sample CRA (N=5) (f) Sample CRB (N=5) 
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Abstract 

This study examines the combined capacity of rubber powder inclusion and polymer–treatment 

in solving the swelling problem of South Australian expansive soils. The rubber powder (1.18–

0.075 mm) was incorporated into the soil at three different rubber contents (by weight) of 10%, 

20% and 30%. The preliminary testing phase consisted of a series of consistency limits and free 

swell ratio tests, the results of which were analyzed to arrive at the optimum polymer 

concentration. The main test program included standard Proctor compaction, oedometer swell–

compression, soil reactivity (shrink–swell index), cyclic wetting and drying, crack intensity, 
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and micro–structure analysis by means of the scanning electron microscopy (SEM) technique. 

The improvement in swelling potential and swelling pressure was dependent on the rubber 

content, with polymer–treated mixtures holding a notable advantage over similar untreated 

cases. A similar dependency was also observed for the crack intensity factor and the shrink–

swell index. The beneficial effects of rubber inclusion were compromised under the cyclic 

wetting and drying condition. However, this influence was eliminated where the rubber powder 

was paired with the polymer agent. A rubber inclusion of 20%, preferably paired with 0.2 g/l 

polymer, was suggested to effectively stabilize South Australian expansive soils. 

Keywords: Geosynthetics; Expansive soil; Rubber powder; Polymer; Swelling potential; 

Swelling pressure; Crack intensity; Cyclic wetting and drying.  
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Abbreviations 

CH   clay with high plasticity 

ER   extremely reactive 

H   highly expansive 

HR   highly reactive 

L   lowly expansive 

M   moderately expansive 

MR   moderately reactive 

PC   polymer 

pF   potential of free energy (a unit for soil suction) 

SEM   scanning electron microscopy 

SR   slightly reactive 

USCS   unified soil classification system 

VH   very highly expansive 

Notation12 

Cc   coefficient of curvature (dimensionless) 

CIF   crack intensity factor (%) 

Cps   primary swelling rate (dimensionless) 

CRF   crack reduction factor (%) 

Css   secondary swelling rate (dimensionless) 

Cu   coefficient of uniformity (dimensionless) 

d10   particle diameter corresponding to 10% finer (m) 

d30   particle diameter corresponding to 30% finer (m) 

d50   particle diameter corresponding to 50% finer (m) 

d60   particle diameter corresponding to 60% finer (m) 

d90   particle diameter corresponding to 90% finer (m) 

e0   initial void ratio (dimensionless) 

FSR   free swell ratio (dimensionless) 

Gsm   specific gravity of soil–rubber mixture (dimensionless) 

Iss   shrink–swell index (%Pa–1) 

LL   liquid limit (%) 

LS   linear shrinkage (%) 

n   number of wetting–drying cycle (dimensionless) 

PI   plasticity index (%) 

PL   plastic limit (%) 

                                                 
12Basic SI units are given in parentheses. 
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Ps   swelling pressure (Pa) 

Rc   rubber content by dry weight of soil (%) 

Sp   swelling potential (%) 

Sp(n)   swelling potential with respect to the nth wetting–drying cycle (%) 

t   elapsed time of swelling (s) 

tis   completion time of the initial swelling phase (s) 

tps   completion time of the primary swelling phase (s) 

tss   completion time of the secondary swelling phase (s) 

γdmax   maximum dry unit weight (N/m3) 

εa(t)   axial swelling strain with respect to elapsed time t (%) 

εais   initial swelling strain (%) 

εaps   primary swelling strain (%) 

εass   secondary swelling strain (%) 

εsh   ultimate shrinkage strain with respect to the shrink–swell index test (%) 

εsw   ultimate swelling strain with respect to the shrink–swell index test (%) 

ωopt   optimum moisture content (%)  
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1. Introduction 

Previous testing conducted in South Australia indicates that the majority of soils in the state are 

expansive clays. The predominant soils are Hindmarsh and Keswick clays, which are 

abundantly found in high–population commercial and residential areas. Where exposed to 

seasonal environments, such soils are prone to significant volume changes, i.e. heave and 

settlements, thereby bringing forth instability concerns to the overlying structures. These 

concerns have incurred a large amount of maintenance costs, and thus demand engineering 

solutions to alleviate the associated socio–economic impacts on human’s life. Chemical 

stabilization by means of traditional cementitious agents such as cement and lime is often 

implemented as a common soil improvement technique (e.g. Al-Rawas et al. 2005; Estabragh 

et al. 2014; Soltani et al. 2017a). Though effective, the application of such agents is often limited 

by leaching problems, and in some cases, may result in adverse effects when treating soils 

containing large amounts of organic matter, sulfates and salts (Sivapullaiah et al. 2000; Puppala 

et al. 2004; Hoyos et al. 2006). Other disadvantages include their inherent time–dependency 

nature, reduction in material workability, low durability against local environmental conditions 

(e.g. acidic and alkaline flows), high transportation costs, and rising environmental concerns 

due to greenhouse gas emissions (Rao et al. 2001; Guney et al. 2007; Estabragh et al. 2013; 

Georgees et al. 2015; Alazigha et al. 2016). As the global community is shifting towards a more 

sustainable mindset, alternate stabilization techniques capable of replacing or minimizing the 

need for such traditional agents have been highly encouraged. Beneficial reuse of solid waste 

materials and industrial by–products, e.g. carpet waste fibers, kiln dusts, silicate/calcium 

chloride geopolymers and demolition wastes, can be regarded amongst the most well–received 

propositions in this context (e.g. Mirzababaei et al. 2013a, 2013b; Arulrajah et al. 2017a, 2017b, 

2017c; Kua et al. 2017; Mirzababaei et al. 2017a, 2017b; Suksiripattanapong et al. 2017; 

Phummiphan et al. 2018). 

In Australia, it is estimated that 48 million tires are disposed each year, meaning that there is a 

relative abundance of waste tires available for recycling and beneficial reuse (Hannam 2014). 

Similar to fiber–reinforced soils, the rubber assemblage randomly distributes in the soil regime, 

and where optimized in dosage and geometry, amends the expansive soil with respect to 

moisture insensitivity (i.e. swell–shrink related volume changes), strength increase, and 

ductility improvement (e.g. Cetin et al. 2006; Akbulut et al. 2007; Özkul and Baykal 2007; Seda 

et al. 2007; Patil et al. 2011; Trouzine et al. 2012; Kalkan 2013; Srivastava et al. 2014; Signes 

et al. 2016; Yadav and Tiwari 2017a). A literature survey indicates a rather common emphasis 
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on the application of coarse–graded tire rubber material, e.g. long tire rubber fibers. Such 

materials, however, would be associated with implementation difficulties when dealing with 

cohesive soils. On this basis, less regarded types of recycled tires such as tire rubber powder 

take the advantage of better workability, and thus add value if introduced to treat expansive 

soils. 

Simple application procedures coupled with improved sustainability have promoted polymer–

based additives as an attractive alternative to traditional cementitious agents. While 

commercially branded and readily accessible, such products have not yet received widespread 

acceptance among practicing engineers. This may be attributed to the lack of sufficient 

published data by independent establishments, and inadequate information provided by 

manufacturers regarding effective application rates or implementation procedures. A number 

of documented studies can be found which have assessed the efficiency of various polymer–

based additives in treating expansive soils, thus mitigating the effect of swell–shrink related 

subsidence (e.g. Rauch et al. 2002; Inyang et al. 2007; Mirzababaei et al. 2009; Yazdandoust 

and Yasrobi 2010; Onyejekwe and Ghataora 2015; Alazigha et al. 2016; Ayeldeen and 

Kitazume 2017; Soltani et al. 2017b). Though promising, the reported results are not consistent 

on defining an ad hoc stabilization solution, and thus demands further examination. 

The key to finding effective solutions to enhance the applications of expansive soils is to 

fundamentally understand their behavior in the face of changing moisture and temperature 

environments. For arid and semi–arid environments such as the Adelaide region of South 

Australia, this aspect is translated into alternate wetting and drying, incurred by changing 

periods of rainfall and drought. As such, prior promoting any stabilization technique as an 

effective scheme, its efficiency where exposed to periodic wetting and drying should be 

examined. A number of studies have assessed the volume change behavior of expansive soils 

treated with cementitious admixtures (e.g. Rao et al. 2001; Guney et al. 2007; Kalkan 2011; 

Estabragh et al. 2013) and polymer–based additives (e.g. Yazdandoust and Yasrobi 2010; 

Alazigha et al. 2016; De Camillis et al. 2017; Soltani et al. 2017b) during wetting and drying. 

However, the volume change behavior of expansive soil–rubber composites treated with 

polymer–based additives during wetting and drying has not yet been addressed in the literature. 

The present study intends to examine the combined capacity of rubber powder inclusion and 

polymer–treatment in ameliorating the inferior engineering characteristics of a highly 

expansive soil found in Adelaide, South Australia. The experimental program was carried out 
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in two phases consisting of preliminary and main tests. The preliminary testing phase consisted 

of a series of consistency limits and free swell ratio tests. The main test program included 

standard Proctor compaction, oedometer swell–compression, soil reactivity (shrink–swell 

index), cyclic wetting and drying, desiccation–induced cracking, and micro–structure analysis 

by means of the scanning electron microscopy (SEM) technique. 

2. Materials 

2.1. Soil 

A large quantity of expansive clay was sourced from a landfill site in Adelaide, South Australia 

and was used for this study. This soil was characterized as clay with high plasticity (CH) in 

accordance with the Unified Soil Classification System (USCS). Mechanical properties of the 

soil, determined as per relevant ASTM and Australian standards, are summarized in Table 1. 

The grain–size distribution curve, as illustrated in Figure 1, indicated a clay fraction (< 2 μm) 

of 44%, along with 36% silt (2–75 μm), 15% fine sand (0.075–0.425 mm), 4% medium sand 

(0.425–2 mm) and 1% coarse sand (2–4.75 mm). The swelling potential and free swell ratio 

(FSR) were, respectively, measured as 10.68% and 2.27, from which the soil was graded into 

highly expansive with respect to the classification criteria suggested by Seed et al. (1962) and 

Sridharan and Prakash (2000). 

2.2. Tire Rubber Powder 

Commercially available recycled tire rubber powder, supplied by a local distributor, was used 

to stabilize the expansive soil. Figure 1 illustrates the grain–size distribution curve for the 

rubber particles, along with the used soil, determined as per the ASTM D422 (2007) standard. 

The rubber particles are similar in size to fine–medium sand, with particles ranging between 

1.18 mm and 75 μm. The particle diameters corresponding to 10%, 30%, 50%, 60% and 90% 

finer (or passing) were measured as d10=0.182 mm, d30=0.334 mm, d50=0.478 mm, d60=0.513 

mm and d90=0.864 mm (see Figure 1). In addition, the uniformity (i.e. Cu=d60/d10) and 

curvature (i.e. Cc=d30
2/d10d60) coefficients were determined as Cu=2.81 and Cc=1.20, from 

which the rubber particles were classified as poorly–graded in accordance with the USCS 

criterion. Figure 2 illustrates microscopic micrographs of the rubber particles at different 

magnification ratios. The rubber particles are non–spherical and irregular in shape (see Figure 

2b at 50x magnification), with some cavities and micro–cracks propagated along the rubber’s 
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surface (see Figure 2c at 100x magnification), thus making for a rough surface texture. Such 

surface characteristics could potentially promote adhesion and/or induce interfacial friction 

between the rubber particles and the soil grains, thereby altering the soil fabric into a coherent 

matrix of restricted heave/settlement. Physical properties and chemical composition of the 

rubber particles, as supplied by the manufacturer, are provided in Table 2. The specific gravity 

(at 20 oC) was found to be 1.09, which is in compliance with that reported in the literature (see 

Yadav and Tiwari (2017b) for details). 

2.3. Polymer 

A commercially manufactured polymer agent, hereafter referred to as PC, was used as the 

binder. PC, chemically referred to as polyacrylamide or PAM (–CH2CHCONH2–), is a water–

soluble anionic synthetic polymer formed from acrylamide subunits. The anionic 

polymerization is accomplished through substituting NH2
– (amidogen) by OH– (hydroxide) 

(Seybold 1994). PAM is often employed to increase the viscosity of water or to encourage 

flocculation of clay particles present in water (Seybold 1994; Lu et al. 2002; Graber et al. 2006). 

PC, in particular, has been successfully implemented in Australian roadway construction as a 

suitable binder for a variety of clays, shales and gravels (Andrews and Sharp 2010; Camarena 

2013; Georgees et al. 2015). It is supplied in granular form, and often diluted with water (i.e. 

200 g of PC into 1000 l of water, as recommended by the manufacturer) for application. Other 

properties include a specific gravity (at 25 oC) of 0.8 and a pH (at 25 oC) of 6.9. 

3. Experimental Work 

The rubber powder was incorporated into the soil at three different rubber contents (defined as 

rubber to dry soil weight ratio), i.e. Rc=10%, 20% and 30%. The experimental program was 

carried out in two phases consisting of preliminary and main tests. The preliminary testing 

phase included a series of consistency limits and free swell ratio tests. The intention of the 

preliminary testing phase was to identify a PC concentration rate capable of yielding an 

effective soil–rubber stabilization scheme. The natural soil and various soil–rubber mixtures 

were examined with three different PC concentrations (defined as weight of PC to volume of 

water ratio), i.e. 0.2 g/l (manufacturer–recommended), 0.4 g/l and 0.6 g/l. The consistency 

limits, i.e. liquid limit, plastic limit, plasticity index and linear shrinkage, were measured as per 

Australian standards (see relevant standard designations in Table 1). The free swell ratio is 

defined as the ratio of equilibrium sediment volume of 10 g oven–dried soil passing sieve 425 
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μm in water (or in the case of this study PC solution) to that of kerosene (Sridharan and Prakash 

2000). As a consequence of rubber particles floating on water, only the natural soil was tested 

for the free swell ratio. Hereafter, the following coding system is adopted to designate the 

various mix designs: 

NRxPy (1) 

where N=natural soil; Rx=x% rubber (x=0, 10%, 20% and 30%); and Py=y g/l PC (y=0, 0.2 g/l, 

0.4 g/l and 0.6 g/l). The natural with no additives is, therefore, denoted as NR0P0. As a typical 

example, NR20P0.4 represents the natural soil mixed with 20% rubber and treated with 0.4 g/l 

PC. A total of 16 mix designs were tested for consistency limits during the preliminary testing 

phase, whereas only four scenarios, i.e. NR0P0, NR0P0.2, NR0P0.4 and NR0P0.6., were considered 

for the free swell ratio test. 

The main test program was carried out on the natural soil and various soil–rubber mixtures 

without and with the optimum PC concentration. Hereafter, the former will be referred to as 

untreated, while the latter will be denoted as treated. The optimum PC concertation was selected 

as 0.2 g/l based on the preliminary test results, which will be further discussed in Section 4.1. 

The main test program consisted of the following tests: i) standard Proctor compaction; ii) 

oedometer swell–compression; iii) soil reactivity (shrink–swell index); iv) cyclic wetting and 

drying; v) desiccation–induced cracking; and vi) micro–structure (SEM) analysis. The 

methodology associated with each component of the main test program will be further outlined 

in detail. 

3.1. Compaction Studies and Sample Preparation 

A series of standard Proctor compaction tests were carried out on the natural soil (NR0P0) and 

various soil–rubber mixtures, untreated and treated with 0.2 g/l PC, in accordance with the 

ASTM D698 (2012) standard. Samples for the oedometer swell–compression, soil reactivity 

(shrink–swell index), cyclic wetting and drying and SEM tests were prepared by the static 

compaction technique at the corresponding optimum moisture content and maximum dry unit 

weight of each mixture (see Table 3). The required amount of water or PC solution (with 0.2 

g/l concentration) corresponding to the desired optimum moisture content was added to each 

mixture, and thoroughly mixed by hand. Extensive care was dedicated to pulverize the lumped 

particles, targeting homogeneity of the mixtures. Mixtures were then enclosed in plastic bags 
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and stored under room temperature conditions for 24 hours, ensuring even distribution of 

moisture throughout the soil mass. A special split mold, similar to that described in Soltani et 

al. (2017a), was designed and fabricated from stainless steel to accomplish static compaction. 

The mold consisted of three sections, i.e. the top collar, the middle oedometer ring, and the 

bottom collar. The oedometer ring measures 50 mm in diameter and 20 mm in height, and 

accommodates the sample for oedometer testing conditions. The moist mixtures were 

compressed in the mold at three layers by a constant displacement rate of 1.5 mm/min to a 

specific compaction load, each layer having attained the desired/target maximum dry unit 

weight. The surface of the first and second compacted layers were scarified to ensure a good 

bond between adjacent layers of the mixture. Samples for the simplified core shrinkage test (i.e. 

a component of the soil reactivity test, as further outlined in Section 3.3) were prepared in a 

similar fashion. In this case, however, a different mold with a middle section measuring 50 mm 

in diameter and 100 mm in height, along with five compaction layers, was adopted. As a 

consequence of rubber particles floating on water, standard procedures outlined in the ASTM 

D854 (2014) standard for measuring the specific gravity of particles were not applicable. 

Therefore, the average specific gravity of various soil–rubber mixtures was estimated by the 

following theoretical equation (Trouzine et al. 2012): 
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where Gsm=specific gravity of soil–rubber mixture; wss=weight of dry soil; wr=weight of rubber 

particles; Gss=specific gravity of soil solids (=2.67); and Gsr=specific gravity of rubber particles 

(=1.09). 

Basic mechanical properties of the prepared samples used for the main tests are summarized in 

Table 3. A total of eight mix designs, divided into two groups of untreated (designated as 

NR0P0, NR10P0, NR20P0 and NR30P0) and treated with 0.2 g/l PC (designated as NR0P0.2, 

NR10P0.2, NR20P0.2 and NR30P0.2), were considered for the main experimental program. 

3.2. Oedometer Swell–Compression Test 

The prepared samples were subjected to a series of oedometer swell–compression tests as 

specified in the ASTM D4546 (2014) standard. The test included two stages, i.e. swell and 

compression. In the first stage, the desired sample was allowed to freely swell under a low 
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nominal overburden stress of σ′0=7 kPa. The incurred axial swelling strain or heave was 

recorded during various time intervals to a point in which swell–time equilibrium, a state 

corresponding to the sample’s swelling potential (defined as the ultimate axial swelling strain), 

was achieved. During the compression stage, the swollen sample was gradually loaded to 

counteract the built–up axial swelling strain. The stress required to retain the sample’s initial 

placement condition (or void ratio e0, as outlined in Table 3) was taken as the swelling pressure 

(Sridharan et al. 1986). 

The conventional oedometer swell test has been regarded as the most common technique to 

assess the soil’s expansive potential or degree of expansivity (Sridharan and Keshavamurthy 

2016). Some limitations, however, include its dependency to the sample’s initial moisture 

condition and not accounting for suction variations. Some of the more common classification 

procedures for expansive soils, developed with respect to percent expansion in oedometer under 

σ′0=7 kPa (Holtz and Gibbs 1956; Seed et al. 1962; Sridharan and Prakash 2000), are 

summarized in Table 5. 

3.3. Soil Reactivity Test and the Shrink–Swell Index 

The shrink–swell index, determined in accordance with the AS 1289.7.1.1 (2003) standard, can 

be characterized as a direct method of evaluating the soil’s degree of expansivity (referred to 

as reactivity in Australian geotechnical practice). Other significant applications include its 

widespread use for predicting free surface ground movements (Cameron 1989; Fityus et al. 

2005; Li et al. 2016). Despite its successful adoption in routine geotechnical practice in 

Australia, its existence and use within Australia have not been widely recognized by the 

international geotechnical community (Fityus et al. 2005). The shrink–swell index requires 

incorporating test results obtained from the simplified core shrinkage and the modified 

oedometer swell tests, which are further presented in detail: 

• In the simplified core shrinkage test, the desired cylindrical sample, measuring 50 mm in 

diameter and 100 mm in height (see Section 3.1), is allowed to desiccate under room 

temperature conditions. The variations of axial shrinkage strain is monitored during various 

time intervals to a point in which shrinkage ceases. The sample is then oven–dried at 105 

oC to remove any remaining moisture. Final height measurements are taken by a Vernier 

caliper, from which the sample’s ultimate shrinkage strain, denoted as εsh, can be derived. 
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• The modified oedometer swell test is essentially similar to the first stage of the oedometer 

swell–compression test, as outlined in Section 3.2. In this case, however, a higher nominal 

overburden stress equal to σ′0=25 kPa is adopted. The ultimate axial swelling strain upon 

achieving swell–time equilibrium is denoted as εsw. 

Finally, the shrink–swell index Iss is obtained by the following (AS 1289.7.1.1 2003): 

1
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The denominator in Equation 3 is an empirical coefficient, which is defined as the range of 

total suction change with respect to the soil’s volume increase from air–dry to near saturation 

condition. The range of total suction change is commonly taken as 1.8 pF (pF=potential of free 

energy, which is a unit for soil suction and is related to kilopascals through pF=1+log[kPa]) for 

the majority of reactive soils in Australia. This value was suggested based on collective 

experience of the AS 2870 (2011) code committee, and is supported by the observation that the 

majority of volume change takes place in a linear manner between the wilting point for trees 

and a moisture content close to saturation (Fityus et al. 2005). Previous studies have reported 

the wilting point suction to vary between 4.0 pF and 4.4 pF (Wray 1998; Cameron 2001). 

Furthermore, the variations of total suction at moisture contents near saturation state have been 

reported to fall in the range of 2.2 pF to 2.5 pF (Fityus et al. 2005). As such, the suggested value 

of 1.8 pF can be deemed as reasonable. The shrink–swell index represents percentage axial 

strain, either swelling or shrinkage, per change in unit suction of the soil (i.e. %pF–1). Thus, it 

is expected to address some limitations associated with other expansive soil classification 

criteria which are either dependent on the soil’s initial moisture condition or do not account for 

suction variations (e.g. the conventional oedometer swell test, as outlined in Table 5). 

Classification procedures for expansive soils with respect to the shrink–swell index, as 

suggested by Seddon (1992), are summarized in Table 6. 

3.4. Cyclic Wetting and Drying Test 

Similar to the first step in the oedometer swell–compression test (see Section 3.2), the desired 

sample was allowed to freely swell under σ′0=7 kPa resulting from a cylindrical load directly 

applied to the sample. Upon completion of the wetting process (i.e. achieving swell–time 

equilibrium), reservoir water was drained through a drainage valve embedded within the 

oedometer cell. The oedometer cell, along with the cylindrical load, were then transferred to an 
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oven set to a constant temperature of 40 oC for drying. The drying process was carried out for 

about five days to ensure shrinkage equalization. The combination of one wetting and the 

subsequent drying stage is designated as one wetting–drying cycle. Alternate wetting and 

drying of the sample was repeated in a similar fashion to a point in which the swelling potential 

subject to two successive cycles reached a nearly constant value. In this study, four mix designs, 

i.e. NR0P0, NR30P0, NR0P0.2 and NR30P0.2, were tested for cyclic wetting and drying. 

The swelling potential may either decrease or increase with increase in number of applied 

wetting–drying cycles, and regardless of the observed trend, further converges to a nearly 

constant value upon the completion of several cycles (Soltani et al. 2017b). This state is defined 

as swell–shrink (or elastic) equilibrium, which signifies a transitional deformation state where 

the plastic (or irreversible) deformation incurred in the soil structure (during wetting and 

drying) largely fades out, and thus change to elastic (or reversible) in character (Tripathy et al. 

2002; Alonso et al. 2005; Estabragh et al. 2015). In this study, the equilibrium condition was 

achieved at the fourth cycle, thus only five cycles were implemented for the tested samples. 

3.5. Desiccation–Induced Crack Studies 

Desiccation–induced cracking can adversely influence the performance of various soil 

structures (e.g. excavations, earth slopes, highway embankments and clay liners), and thus 

assumes a significant role in fulfilling design criteria when constructing on expansive soils. The 

intensity of cracks is commonly quantified by means of the crack intensity factor (CIF) and the 

crack reduction factor (CRF), which are defined as (Yesiller et al. 2000; Miller and Rifai 2004): 
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where Ac=area of cracks; A0=initial area of the tested sample; CIFn=crack intensity factor for 

the natural soil (NR0P0); and CIFs=crack intensity factor for the stabilized sample. 

Desiccation–induced crack tests were carried out on the natural soil and various soil–rubber 

mixtures (untreated and treated with 0.2 g/l PC) prepared by the slurry technique at their 

respective liquid limit, as commonly adopted in the literature (e.g. Tang et al. 2012; Costa et al. 
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2013; Chaduvula et al. 2017). The required amount of water or PC solution corresponding to 

the desired liquid limit (see Table 3) was added to each mixture, and thoroughly mixed to obtain 

slurries of uniform consistency. The resultant slurries were poured into petri dishes, measuring 

100 mm in diameter and 15 mm in height, and gently tapped on a wooden platform to remove 

entrapped air. To simulate severe ambient conditions of the Adelaide region, samples were 

allowed to desiccate under a constant temperature of 40 oC. Upon the completion of drying 

(moisture equalization), still photographs were taken using a high resolution digital camera 

fixed at a vertical angle 50 cm above the desiccated samples. The ImageJ software package was 

then implemented to quantify the crack features. 

3.6. Scanning Electron Microscopy (SEM) 

Significant information on the micro–structure can be obtained by the scanning electron 

microscopy (SEM) technique. Typical mixtures including NR0P0, NR20P0, NR0P0.2 and NR20P0.2 

were investigated. The desired samples, prepared as per Section 3.1, were allowed to air–dry 

for about 14 days. The samples were then carefully fractured into small cubic–shaped pieces 

corresponding to a volume of approximately 1 cm3, as suggested in the literature (e.g. Tang et 

al. 2007; Mirzababaei et al. 2009; Yazdandoust and Yasrobi 2010), and further scanned over 

various magnification ratios ranging from 250x to 20,000x. In this study, the Philips XL20 SEM 

device, with a resolution of 4 μm and a maximum magnification ratio of 50,000x, was used for 

scanning electron microscopy imaging. 

4. Results and Discussion 

4.1. Consistency Limits and the Free Swell Ratio 

Figures 3a, 3b and 3c illustrate the variations of liquid limit LL, plasticity index PI and linear 

shrinkage LS against PC concentration for the tested mix designs (i.e. NRxPy; where x=0, 10%, 

20% and 30%, and y=0, 0.2 g/l, 0.4 g/l and 0.6 g/l), respectively. Untreated soil–rubber mixtures 

(NRxP0) exhibited lower consistency limits compared with that of the natural soil (NR0P0). In 

this case, the higher the rubber content the lower the consistency limits, following a monotonic 

decreasing trend. For instance, the natural soil resulted in LL=78.04%, while the inclusion of 

10%, 20% and 30% rubber resulted in LL=73.32%, 68.59% and 65.58%, respectively. It is 

well–accepted that the consistency limits are primarily a function of the mixture’s clay content. 

An increase in rubber content substitutes a larger portion of the clay content, and thus leads to 
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lower consistency limits. The lower specific surface area and water adsorption capacity of the 

rubber particles compared with the soil grains also contributes to lower consistency limits 

(Cetin et al. 2006; Trouzine et al. 2012; Srivastava et al. 2014). As a result of PC–treatment, 

the natural soil experienced a notable increase in the consistency limits. The magnitude of 

increase, however, was observed to be independent from the adopted PC concertation, as all 

three concentrations exhibited similar results with marginal differences (see NR0Py in Figure 

3). As a typical case, LL increased from 78.04% for the natural soil (NR0P0) to 87.61%, 87.22% 

and 85.80% for NR0P0.2, NR0P0.4 and NR0P0.6, respectively. An increase in the consistency 

limits, the liquid limit in particular, implies that a flocculated fabric dominates the clay–rubber 

matrix (Mitchell and Soga 2005). As opposed to a face–to–face aggregated (or dispersed) 

fabric, an edge–to–face flocculated fabric offers more resistance to shear (or cone penetration), 

thereby leading to an increased liquid limit. PAM molecules are hydrophilic in nature, and thus 

provide additional adsorption sites for water molecules, which in turn contributes to higher 

consistency limits (Kim and Palomino 2009). 

The location of the tested mix designs on Cassgrande’s plasticity chart is illustrated in Figure 

4. All mixtures lie within the CH region (clay with high plasticity) of the plasticity chart. The 

variations of PI against LL followed a linear path nearly parallel to the A–line of the plasticity 

chart, i.e. PI=0.73(LL–20). In this case, a conventional regression analysis indicated the 

existence of a strong linear agreement in the form of PI=0.77(LL–6.84) (with R2=0.989) for the 

tested mixtures. For a given PC concentration, an increase in rubber content relocated the soil 

towards lower plasticity regions (e.g. see the typical linear trendline for NRxP0 in Figure 4). 

On the contrary, for a given soil–rubber mixture (constant rubber content), PC–treatment 

repositioned the soil towards higher plasticity regions (e.g. see the typical arrowed path linking 

NR0P0 to NR0Py in Figure 4). The magnitude of increase in LL and PI, however, was observed 

to be independent from the adopted PC concentration, as evident with the clustering of data 

points at constant rubber contents (compare NRxP0.2 with NRxP0.4 and NRxP0.6 in Figure 4 at 

any arbitrary x value). 

Results of the free swell ratio tests are summarized in Table 4. Suspension of the soil in distilled 

water (NR0P0) resulted in a free swell ratio of FSR=2.27. Where suspended in PC solutions of 

0.2 g/l, 0.4 g/l and 0.6 g/l, FSR was measured as 1.67, 1.63 and 1.53, respectively. Classification 

procedures for expansive soils with respect to the FSR value, as suggested by Sridharan and 

Prakash (2000), are outlined in Table 4. The natural soil was classified as highly expansive, 

while PC–treated mixtures (NR0P0.2, NR0P0.4 and NR0P0.6) manifested a moderate degree of 
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expansivity. As evident with the FSR values and their corresponding classifications, excessive 

PC concentrations, i.e. 0.4 g/l and 0.6 g/l, seem not to provide additional improvements. 

Basic geotechnical properties such as the consistency limits and the free swell ratio can be 

employed to infer the soil’s fabric, and thus arrive at initial judgements on the performance of 

various polymer agents at different concentrations (Worth and Wood 1978; Prakash and 

Sridharan 2004; Mitchell and Soga 2005). Taking into account the discussed results, the three 

adopted PC concentrations were observed to yield similar results with marginal differences. 

Therefore, the manufacturer–recommended concentration of 0.2 g/l was deemed as satisfactory, 

and thus was used for the main tests the results of which will be further presented and discussed 

in detail. 

4.2. Compaction Characteristics 

Standard Proctor compaction curves, along with corresponding zero air void (ZAV) saturation 

lines, for the natural soil (NR0P0) and various soil–rubber mixtures untreated and treated with 

0.2 g/l PC are provided in Figures 5a and 5b, respectively. As a result of rubber inclusion, the 

natural soil exhibited a notable reduction in both the maximum dry unit weight γdmax and the 

optimum moisture content ωopt (see the trendline in Figure 5a). As a result of PC–treatment, a 

marginal increase in both γdmax and ωopt was noted for the natural soil (compare NR0P0 with 

NR0P0.2 in Figure 5b), while treated soil–rubber mixtures exhibited a trend similar to that 

observed for similar untreated cases (see the trendline in Figure 5b). Decrease in γdmax and ωopt 

as a result of the rubber inclusions can be attributed to the lower specific gravity, specific 

surface area and water adsorption capacity of the rubber particles compared with the soil grains 

(Akbulut et al. 2007; Özkul and Baykal 2007; Seda et al. 2007; Kalkan 2013; Signes et al. 

2016). 

4.3. Swelling Characteristics 

4.3.1. Swelling Potential and Swelling Pressure 

Swell–time curves, represented by the two–parameter rectangular hyperbola function (e.g. 

Sivapullaiah et al. 1996; Sridharan and Gurtug 2004; Soltani et al. 2017a), for the natural soil 

(NR0P0) and various soil–rubber composites untreated and treated with 0.2 g/l PC are provided 

in Figures 6a and 6b, respectively. As a result of rubber inclusion and/or PC–treatment, the 

swell–time locus experienced a major downward shift over the εa:logt space (εa=axial swelling 
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strain; and t=time), indicating a significant reduction in the magnitude of exhibited swelling 

strain, and thus swelling potential (defined as the ultimate axial swelling strain) compared with 

the natural soil. At t=24 hr, for instance, the natural soil resulted in a swelling strain of 

εa(t)=9.65%, while the inclusion of 10%, 20% and 30% rubber resulted in εa(t)=7.55%, 6.35% 

and 4.85%, respectively (see Figure 6a). Similar treated samples exhibited a more pronounced 

decreasing trend, where the above given values dropped to εa(t)=6.45% (NR0P0.2), 5.25%, 

3.25% and 2.43%, respectively (see Figure 6b). The natural soil and soil–rubber mixtures 

corresponding to Rc=10%, 20% and 30% resulted in swelling potential values of Sp=10.68%, 

8.48%, 7.26% and 5.73%, respectively. As a result of PC–treatment, however, the 

aforementioned values further decreased to Sp=7.15%, 6.20%, 4.28% and 3.20%, respectively. 

Figure 7 illustrates the variations of swelling pressure and swelling potential against rubber 

content for the tested samples. The variations of swelling pressure Ps followed a trend similar 

to that observed for swelling potential Sp, and indicated that, the higher the rubber content the 

greater the reduction in Sp and Ps, with treated samples holding a notable advantage over similar 

untreated cases (compare NRxP0 with NRxP0.2 in Figure 7). The natural soil (NR0P0) and soil–

rubber mixtures corresponding to Rc=10%, 20% and 30% resulted in Ps=235 kPa, 131 kPa, 124 

kPa and 93 kPa, respectively. Where treated with 0.2 g/l PC, these values dropped to Ps=165 

kPa (NR0P0.2), 107 kPa, 86 kPa and 35 kPa, respectively. The classification criterion proposed 

by Seed et al. (1962) (see Table 5) was implemented to assess the expansive potential of the 

tested samples, and the results are depicted in Figure 7. The two mix designs containing 30% 

rubber inclusion (NR30P0 and NR30P0.2) were classified as moderately expansive (specified as 

‘M’), while other samples were graded into highly expansive (specified as ‘H’). 

As demonstrated in Figure 8, the evolution of swelling with time, represented by an S–shaped 

curve over the εa:logt space, takes place at three stages, i.e. the initial, primary and secondary 

swelling (Sivapullaiah et al. 1996; Sridharan and Gurtug 2004; Rao et al. 2006; Soltani et al. 

2017b, 2018). The initial swelling phase, also recognized to as inter–void swelling, occurs at 

macro–structural level, and results in small volume changes mainly less than 10% of the total 

volume increase (< 10%Sp). The primary swelling phase constitutes for up to 80% of the total 

volume increase (≈ 80%Sp), and is graphically represented by a steep–sloped linear portion 

bounded by the initial and primary swelling time margins. The secondary swelling phase takes 

place as a result of double–layer repulsion, and accounts for small time–dependent volume 

changes. As opposed to the initial swelling phase, both the primary and secondary swelling 

phases evolve at micro–structural level where swelling of active clay minerals takes place. 
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Critical variables obtained from the S–shaped curve, defined as swell–time characteristics, can 

be adopted to describe the time–dependency nature of the swelling phenomenon. These 

variables, as outlined in Figure 8, are characterized as: i) completion time of the initial and 

primary swelling phases (tis and tps); ii) initial, primary and secondary swelling strains (εais, εaps 

and εass; Sp=εais+εaps+εass); and iii) primary and secondary swelling rates (Cps and Css), which are 

defined as (Soltani et al. 2018): 
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where tss=completion time of the secondary swelling phase (=14,400 min). 

Swell–time characteristics for the tested samples are summarized in Table 7. The primary and 

secondary swelling strains mainly demonstrated a trend similar to that observed for the swelling 

potential Sp, meaning that Rc=30% promoted the lowest εaps and εass values for both untreated 

and treated soil–rubber mixtures (see NR30P0 and NR30P0.2 in Table 7). Figures 9a and 9b 

illustrate the variations of Cps and Css against rubber content for the tested samples, respectively. 

The rubber inclusions led to a noticeable reduction in both Cps and Css, indicating a capacity of 

counteracting the heave in both magnitude and time. The higher the rubber content the lower 

the swelling rates, following a monotonic decreasing trend, with treated samples exhibiting 

more efficiency in reducing Cps and Css compared with similar untreated cases (compare NRxP0 

with NRxP0.2 in Figure 9). For the natural soil (NR0P0), Cps and Css were measured as 4.85×10–

2 and 1.07×10–2, respectively. As optimal cases, these values, respectively, dropped to 2.63×10–

2 and 7.06×10–3 for NR30P0, and 1.50×10–2 and 5.28×10–3 for NR30P0.2. 

4.3.2. Shrink–Swell Index 

Variations of the shrinkage and swelling strains, i.e. εsh and εsw, along with corresponding 

shrink–swell index values, are provided in Figure 10. Increase in rubber content led to a 

noticeable reduction in both εsh and εsw, and thus the shrink–swell index Iss. For the treated 
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cases, however, a more pronounced decreasing trend can be observed (compare NRxP0 with 

NRxP0.2 in Figure 10). The degree of expansivity, in this case referred to as reactivity, was 

characterized in accordance with the Seddon (1992) classification criterion (see Table 6), and 

the results are depicted in Figure 10. The natural soil (NR0P0) was graded into highly reactive 

(HR) corresponding to Iss=4.21 %pF–1. For untreated cases, Rc=10%, 20% and 30% resulted in 

Iss=3.30 %pF–1, 2.12 %pF–1 and 1.49 %pF–1, and thus classified as moderately/highly reactive 

(MR/HR), moderately reactive (MR) and slightly reactive (SR), respectively. Where treated with 

0.2 g/l PC, the aforementioned values dropped to Iss=2.51 %pF–1 (MR), 1.88 %pF–1 (MR), 1.80 

%pF–1 (MR) and 1.04 %pF–1 (SR), respectively. 

4.3.3. Amending Mechanisms 

Similar to fiber–reinforced soils, the rubber inclusions are able to amend the soil fabric through 

improvements achieved in three aspects: i) increase in non–expansive fraction, which is a 

function of rubber content; ii) interlocking of rubber particles and soil grains; and iii) interfacial 

frictional resistance generated as a result of soil–rubber contact (Tang et al. 2007; Al-Akhras et 

al. 2008; Viswanadham et al. 2009a, 2009b; Tang et al. 2010; Patil et al. 2011; Trouzine et al. 

2012; Kalkan 2013; Estabragh et al. 2014; Phanikumar and Singla 2016; Soltani et al. 2018; 

Yadav and Tiwari 2017a). The randomly distributed rubber particles resemble a spatial three–

dimensional network in favor of weaving (or interlocking) the soil grains into a coherent matrix 

of restricted heave. The greater the number of included rubber particles (i.e. increase in rubber 

content) the more effective the interlocking effect. Frictional resistance grows as a consequence 

of rubber particles experiencing tensile stress in the presence of strong swelling forces. This 

interfacial resistance is a function of soil‒rubber contact area, with greater contact levels 

offering a higher resistance to swelling. Consequently, this amending mechanism is in line with 

rubber content. The greater the number of included rubber particles the greater the soil–rubber 

contact level, which in turn promotes an induced interfacial frictional resistance capable of 

counteracting swelling with more efficiency. 

The type of polymer charge, i.e. cationic, non–ionic or anionic, strongly influences the degree 

of polymer adsorption/attraction to clay particles. Positively charged polymers are 

electrostatically attracted to the negatively charged clay surface, while non–ionic polymers 

accomplish adsorption through van der Waals and/or hydrogen bonding (Theng 1982; Wallace 

et al. 1986; Miller et al. 1998). Even though anionic polymers, such as the one used in this 

study, tend to be repelled by clay particles (owing to charge repulsion), adsorption can still take 
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place through the presence of cations acting as bridges. The degree of attraction in this case is 

dependent on the amount and type of exchangeable cations, clay content, pH and polymer 

molecular size (Theng 1982; Lu et al. 2002; Rabiee et al. 2013). Polyvalent cations such as Ca2+ 

and Mg2+, for instance, offer greater efficiency in attracting the carboxylate groups on the 

polymer chains compared with univalent cations such as Na+ (Letey 1994; Laird 1997). As 

such, the role of PC in controlling the effect of swelling can be attributed to its ability to form 

ionic bonds holding clay particles together through the cationic bridging mechanism, thereby 

shrinking the electrical double layer. This in turn induces flocculation of clay particles by 

forming coarse aggregates, which is further accompanied by a reduction in the clay content 

size, and thus a reduction in the swelling behavior. Where paired with rubber, PC–treatment 

may further enhance the interlocking of rubber particles and soil grains, thus promoting a 

greater reduction in swelling compared with similar untreated cases. 

4.3.4. Cyclic Wetting and Drying 

Figure 11 illustrates the variations of swelling potential Sp against number of applied wetting–

drying cycles n for the samples NR0P0, NR30P0, NR0P0.2 and NR30P0.2. With regard to untreated 

cases (NR0P0 and NR30P0), Sp exhibited a rise–fall behavior, peaking at the second cycle and 

then decreasing to an equilibrium value upon the completion of five cycles. The treated samples 

(NR0P0.2 and NR30P0.2), however, demonstrated a monotonic decreasing trend with lower Sp 

values compared with similar untreated cases. At the first cycle (n=1), the samples were allowed 

to swell from their respective optimum moisture content, thus the Seed et al. (1962) 

classification criterion, which complies with the initial placement condition (see Table 5), was 

implemented to assess the expansive potential of the tested samples. With regard to other cycles 

(n ≥ 2), where the samples undergo swelling from an initially dry condition (due to the previous 

drying cycle), the two classification criteria suggested by Holtz and Gibbs (1956) and Sridharan 

and Prakash (2000) (see Table 5) were adopted. The classification results are summarized in 

Table 8. The classifications were either maintained or improved as a result of rubber inclusion 

and/or PC–treatment, thus indicating that the beneficial effects of both stabilization agents in 

counteracting the swell–shrink related volume changes were fairly preserved under the 

influence of alternate wetting and drying. Upon the completion of five cycles, a slight increase 

in Sp was noted for the untreated sample containing 30% rubber inclusion (see NR30P0 in Figure 

11), i.e. Sp(1)=5.73% against Sp(5)=6.20%. This implies that the blending of rubber particles 

and soil grains, obtained by compaction, could potentially be compromised under the influence 
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of alternate wetting and drying. As a result of PC–treatment, however, the interlocking of rubber 

particles and soil grains, enhanced by the polymer binder, remains intact during successive 

cycles (compare NR30P0 with NR30P0.2 in Figure 11). 

Reduction in swelling potential as a result of alternate wetting and drying can be attributed to 

the reconstruction of the clay micro–structure upon completion of the first or second cycle (Dif 

and Bluemel 1991; Zhang et al. 2006; Kalkan 2011; Estabragh et al. 2015). Capillary stresses 

generated as a consequence of drying facilitate the formation of strong van der Waals bonds, 

promoting cementation and aggregation of clay particles. This is followed by the development 

of some relatively large inter–pores among the aggregated soil lumps, which decreases the 

available surface for interaction with water, thereby reducing the specific surface area and 

plasticity of the clay content accompanied by a decreased tendency for swelling (Basma et al. 

1996; Zhang et al. 2006; Estabragh et al. 2013; Soltani et al. 2017b). 

4.4. Crack Intensity 

Variations of the crack intensity factor (CIF), along with corresponding crack reduction factors 

(CRF), are provided in Figure 12. In addition, crack patterns observed for the tested samples 

are illustrated in Figure 13. The rubber inclusions were able to amend desiccation–induced 

cracking. In this case, the higher the rubber content the greater the improvement, with PC–

treated mixtures holding a notable advantage over similar untreated cases (compare NRxP0 with 

NRxP0.2 in Figure 12). A typical hierarchical cracking pattern can be observed for the natural 

soil, which divides the soil mass into a series of rather small cells with wide crack openings. 

On the contrary, soil–rubber mixtures manifested larger cells with relatively smaller crack 

openings (e.g. compare NR0P0 with NR20P0 and NR20P0.2). The natural soil (NR0P0) and soil–

rubber mixtures corresponding to Rc=10%, 20% and 30% resulted in CIF=23.67%, 16.79%, 

9.03% and 4.73% (i.e. CRF=29.06%, 61.86% and 80.01%), respectively. Similar mixtures 

treated with 0.2 g/l PC resulted in lower CIF and higher CRF values. In this case, the 

aforementioned values dropped to CIF=15.57%, 11.90%, 7.74% and 2.47% (i.e. CRF=34.21%, 

49.73%, 67.32% and 89.56%), respectively. 

As a consequence of internal restrains (e.g. non–uniform drying) and/or external restrains (e.g. 

boundary friction/adhesion) acting on the soil during drying, tensile stresses developed within 

the soil can exceed the soil’s tensile strength, thus resulting in the development and propagation 

of cracks (Konrad and Ayad 1997; Kodikara and Chakrabarti 2005; Nahlawi and Kodikara 
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2006; Tang et al. 2012; Costa et al. 2013). The development and propagation of cracks are 

primarily a function of clay content, meaning that the higher the clay content the greater the 

intensity of cracks (Mitchell and Soga 2005). As such, the rubber inclusions are able to amend 

the soil fabric through clay–substitution. Consequently, this amending mechanism is a function 

of rubber content, with higher rubber inclusions substituting a larger portion of the clay content, 

and thus ameliorating the effect of cracking with increased efficiency. The ductile character of 

the rubber particles can complement a notable improvement in the soil’s tensile strength, thus 

restricting the propagation of cracks. Increase in the soil’s tensile strength may also be achieved 

through interlocking of rubber particles and soil grains. As previously discussed (see Section 

4.3.3), the interlocking effect can be considered as a direct function of rubber content, and it is 

further enhanced in the presence of the polymer binder. 

4.5. Micro–Structure (SEM) Analysis 

Figures 14a–14d illustrate SEM micrographs for the samples NR0P0, NR20P0, NR0P0.2 and 

NR20P0.2, respectively. The micro–fabric of the natural soil (NR0P0) included a number of large 

inter– and intra–assemblage pore–spaces formed between and within the clay aggregates, 

respectively (see Figure 14a). The inter–assemblage pore–spaces are formed during sample 

preparation (or compaction), and thus are directly proportional to the sample’s initial void ratio. 

The shape and extension of the pore–spaces, however, may change during the drying process 

of SEM sample fabrication (see Section 3.6), owing to the development of tensile stresses 

within the soil fabric during desiccation. As a result of rubber inclusion (NR20P0), the extent of 

the inter–assemblage pore–spaces were slightly reduced, which can be attributed to the role of 

rubber particles acting as physical anchors within the soil fabric, thus interlocking neighboring 

aggregates and withstanding tensile stresses developed during desiccation. However, as long as 

the rubber particles are relatively larger in size compared with the clay particles, the micro–

fabric of the compacted soil–rubber mixture still includes a number of intra–assemblage pore–

spaces, owing to the inconsistency in arrangement of the soil–rubber mixture’s constituents (see 

Figure 14b). Treating the natural soil with PC (NR0P0.2) resulted in the formation of large 

uniform aggregates with relatively small intra–assemblage pore–spaces, indicating that the 

polymer solution could effectively sip into the soil’s micro–fabric, and thus bond the clay 

aggregates together. The larger clay aggregates with less number of intra–assemblage pore–

spaces are less prone to water infiltration, which in turn mitigates the swelling behavior of the 

soil (see Figure 14c). Once the soil is included with rubber particles and treated with PC 
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(NR20P0.2), the connection interface between the rubber particles and the clay matrices is 

markedly improved. In micro view, the addition of polymer contributes to the formation of 

composite aggregates, with rubber particles embedded within the clay aggregates (see the 

clothed rubber particles in Figure 14d). This improves the stability of the compacted soil–

rubber mixture against wetting and drying cycles, as the rubber particles contribute to the shear 

strength of the mixture by providing tensile strength between the clay aggregates and the 

polymer solution improves the bonding quality of the rubber particles with the clay aggregates; 

therefore, harnessing the swelling potential of the soil subjected to desiccation cycles (see 

Figure 14d). 

5. Conclusions 

The following conclusions can be drawn from this study: 

• As a result of rubber inclusion and/or PC–treatment, the swell–time locus experienced a 

major downward shift over the semi–log space, indicating a capacity of counteracting the 

heave in both magnitude and time. The variations of swelling pressure followed a trend 

similar to that observed for swelling potential, meaning that the higher the rubber content 

the greater the reduction in swelling potential and swelling pressure, with PC–treated 

mixtures holding a notable advantage over similar untreated cases. 

• Based on common expansive soil classification criteria, i.e. the conventional oedometer 

swell test and the shrink–swell index, a rubber inclusion of 20% by dry weight of soil 

(preferably paired with 0.2 g/l PC) would be required to mitigate the swelling problem of 

South Australian expansive soils. 

• The beneficial effects of rubber inclusion and PC–treatment in counteracting the swell–

shrink related volume changes were fairly preserved under the influence of alternate wetting 

and drying. The blending of rubber particles and soil grains, obtained by compaction, could 

potentially be compromised during wetting and drying. As a result of PC–treatment, 

however, the interlocking of rubber particles and soil grains, enhanced by the polymer 

binder, remained intact during successive cycles. 

• The rubber inclusions were able to amend desiccation–induced cracking. In this case, the 

higher the rubber content the greater the improvement in cracking intensity, with PC–treated 

mixtures holding a slight advantage over similar untreated cases. 
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Table 1. Physical and mechanical properties of the soil. 

Properties Value Standard designation 

Specific gravity, Gs 2.76 ASTM D854 (2014) 

Grain–size distribution 

Clay (< 2 μm) (%) 44 ASTM D422 (2007) 

Silt (2–75 μm) (%) 36 

Fine sand (0.075–0.425 mm) 15 

Medium sand (0.425–2 mm) 4 

Coarse sand (2–4.75 mm) 1 

Consistency limits 

Liquid limit, LL (%) 78.04 AS 1289.3.9.1 (2015) 

Plastic limit, PL (%) 22.41 AS 1289.3.2.1 (2009) 

Plasticity index, PI (%) 55.63 AS 1289.3.3.1 (2009) 

Linear shrinkage, LS (%) 15.78 AS 1289.3.4.1 (2008) 

USCS soil classification CH ASTM D2487 (2011) 

Swelling properties 

Swelling potential, Sp (%)† 10.68 ASTM D4546 (2014) 

Swelling pressure, Ps (kPa) 235 

Free swell ratio, FSR‡ 2.27 Sridharan and Prakash (2000) 

Compaction characteristics 

Maximum dry unit weight, γdmax (kN/m3) 15.9 ASTM D698 (2012) 

Optimum moisture content, ωopt (%) 21.0 

Note: 
†% expansion in oedometer from optimum moisture content to saturated condition under 

σ′0=7 kPa; and ‡ratio of equilibrium sediment volume of 10 g oven–dried soil passing sieve 

425 μm in distilled water to that of kerosene. 
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Table 2. Physical properties and chemical composition of tire rubber powder (as supplied by 

the manufacturer). 

Properties Value/Description 

Physical properties 

Physical appearance Fine black powder 

Solubility in water Insoluble 

Water adsorption Negligible 

Resistance to acid and alkaline Excellent 

Specific gravity (at 20 oC), Gs 1.09 

Softening point (oC) 170 

Chemical composition 

Styrene–Butadiene copolymer (%) 55 

Acetone extract (%) 5–20 

Carbon black (%) 25–35 

Zinc oxide (%) 2.5 

Sulphur (%) 1–3 
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Table 3. Mix designs and their properties used for the main experimental program. 

Soil (%) Rc (%) PC (g/l) Designation LL (%)† ωopt (%)‡ γdmax (kN/m3)‡ Gsm
* e0

‡ 

100 0 0 NR0P0 78.04 21.0 15.9 2.76 0.706 

90 10 NR10P0 73.32 18.1 15.4 2.42 0.538 

80 20 NR20P0 68.59 16.5 15.2 2.20 0.422 

70 30 NR30P0 65.58 15.0 14.7 2.04 0.359 

100 0 0.2 NR0P0.2 87.61 22.0 16.2 2.76 0.668 

90 10 NR10P0.2 83.67 18.9 15.6 2.42 0.524 

80 20 NR20P0.2 77.73 17.0 15.1 2.20 0.424 

70 30 NR30P0.2 72.14 15.5 14.9 2.04 0.344 

Note: 
†initial placement condition for desiccation–induced crack tests; ‡initial placement condition for oedometer swell–compression, soil reactivity 

(shrink–swell index), cyclic wetting and drying and SEM tests; and *specific gravity of mixtures obtained as per Equation 2. 

  



359 

Table 4. Free swell ratio (FSR) for the natural soil treated with various PC concentrations. 

Mixture Vk (cm3) Vd (cm3) Vp (cm3) FSR Degree of expansivity Classification procedures with respect to FSR 

(Sridharan and Prakash 2000) NR0P0 15.0 34.0 — 2.27 High 

NR0P0.2
† 15.0 — 25.0 1.67 Moderate ≤ 1 1–1.5 1.5–2 2–4 > 4 

NR0P0.4 15.0 — 24.5 1.63 Moderate 
Negligible Low Moderate High Very High 

NR0P0.6 15.0 — 23.0 1.53 Moderate 

Note: 
†manufacturer–recommended concentration; FSR=Vd/Vk or Vp/Vk; and Vk, Vd and Vp=equilibrium sediment volume of 10 g oven–dried soil 

passing sieve 425 μm in kerosene, distilled water and PC solution, respectively. 
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Table 5. Classification procedures for expansive soils with respect to the oedometer swell test. 

Degree of expansivity Holtz and Gibbs (1956)† Seed et al. (1962)‡ Sridharan and Prakash (2000)† 

Low (L) < 10 0–1.5 1–5 

Moderate (M) 10–20 1.5–5 5–15 

High (H) 20–30 5–25 15–25 

Very High (VH) > 30 > 25 > 25 

Note: 
†% expansion in oedometer from air–dry to saturated condition under σ′0=7 kPa; and ‡% expansion in oedometer from optimum moisture content 

to saturated condition under σ′0=7 kPa. 
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Table 6. Classification procedures for expansive soils with respect to the shrink–swell index 

(Seddon 1992). 

Degree of expansivity/reactivity Shrink–Swell index, Iss (%pF–1) 

Slightly reactive (SR) 0.8–1.7 

Moderately reactive (MR) 1.7–3.3 

Highly reactive (HR) 3.3–5.8 

Extremely reactive (ER) > 5.8 
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Table 7. Summary of the swell–time characteristics for the tested samples. 

Mixture tis (min) tps (min) εais (%) εaps (%) εass (%) Sp (%) Cps (×102) Css (×103) 

NR0P0 21 939 1.40 8.00 1.27 10.68 4.85 10.71 

NR10P0 26 1161 1.11 6.46 1.03 8.60 3.92 9.38 

NR20P0 28 1167 0.95 5.38 0.93 7.26 3.32 8.53 

NR30P0 34 1441 0.74 4.28 0.71 5.73 2.63 7.06 

NR0P0.2 18 753 0.94 5.33 0.88 7.15 3.28 6.84 

NR10P0.2 29 1343 0.79 4.71 0.70 6.20 2.83 6.79 

NR20P0.2 35 1412 0.54 3.20 0.53 4.28 1.99 5.30 

NR30P0.2 62 2387 0.41 2.38 0.41 3.20 1.50 5.28 
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Table 8. Degree of expansivity for the tested samples during wetting and drying cycles. 

Mixture n Sp(n) (%) Degree of expansivity Degree of expansivity 

NR0P0 1 10.68 High† High† 

2 13.28 Moderate‡ Moderate* 

3 9.23 Low‡ Moderate* 

4 7.45 Low‡ Moderate* 

5 7.55 Low‡ Moderate* 

NR30P0 1 5.73 High† High† 

2 7.03 Low‡ Moderate* 

3 6.63 Low‡ Moderate* 

4 6.35 Low‡ Moderate* 

5 6.20 Low‡ Moderate* 

NR0P0.2 1 7.15 High† High† 

2 5.10 Low‡ Moderate* 

3 4.10 Low‡ Low* 

4 3.70 Low‡ Low* 

5 3.80 Low‡ Low* 

NR30P0.2 1 3.20 Moderate† Moderate† 

2 2.75 Low‡ Low* 

3 2.00 Low‡ Low* 

4 1.80 Low‡ Low* 

5 1.70 Low‡ Low* 

Note: 
†classified as per Seed et al. (1962) (see Table 5); ‡classified as per Holtz and Gibbs (1956) 

(see Table 5); and *classified as per Sridharan and Prakash (2000) (see Table 5). 
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Figure 1. Grain–size distribution curves for the soil and tire rubber powder. 
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Figure 2. Tire rubber powder at different magnifications: (a) without magnification; (b) 50x magnification; and (c) 100x magnification. 
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Figure 3. Consistency limits for the natural soil (NR0P0) and various soil–rubber mixtures 

treated with different PC concentrations: (a) liquid limit; (b) plasticity index; and (c) linear 

shrinkage. 
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Figure 4. Location of various soil–rubber–PC mix designs on Casagrande’s plasticity chart. 
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Figure 5. Standard Proctor compaction curves for the natural soil (NR0P0) and various soil–

rubber mixtures: (a) untreated; and (b) treated with 0.2 g/l PC. 
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Figure 6. Swell–time curves for the natural soil (NR0P0) and various soil–rubber mixtures: (a) 

untreated; and (b) treated with 0.2 g/l PC. 
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Figure 7. Variations of swelling pressure and swelling potential against rubber content for the 

tested samples (H=highly expansive; and M=moderately expansive). 
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Figure 8. Swell–time characteristics with respect to the oedometer swell test (modified from 

Soltani et al. (2017b and 2018)). 
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Figure 9. Variations of the (a) primary and (b) secondary swelling rates against rubber 

content for the tested samples. 

 

 

  

4.85

3.92

3.32

2.63

3.28

2.83

1.99
1.50

1.2

1.8

2.4

3.0

3.6

4.2

4.8

5.4

0 10 20 30

P
ri

m
a
ry

 s
w

e
ll

in
g
 r

a
te

 :
 C

p
s

( 
1

0
2
)

Rubber content : Rc (%)

U

T

NRxP0

NRxP0.2

Natural soil (NR0P0)

(a)

1.070

0.938

0.853

0.706
0.684

0.679

0.530 0.528

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0 10 20 30

S
e
c
o
n
d
a
ry

 s
w

e
ll

in
g
 r

a
te

 :
 C

s
s
( 

1
0

2
)

Rubber content : Rc (%)

U

T

NRxP0

NRxP0.2

Natural soil (NR0P0)

(b)



375 

Figure 10. Variations of the shrinkage and swelling strains, along with corresponding shrink–

swell index values, against rubber content for the tested samples (HR=highly reactive; 

MR=moderately reactive; and SR=slightly reactive). 
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Figure 11. Variations of swelling potential against number of applied wetting–drying cycles 

for the samples NR0P0, NR30P0, NR0P0.2 and NR30P0.2. 
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Figure 12. Variations of the crack intensity factor, along with corresponding crack reduction 

factors, against rubber content for the tested samples. 
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Figure 13. Observed crack patterns for the tested samples. 
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Figure 14. Scanning electron micrographs (SEM): (a) NR0P0; (b) NR20P0; (c) NR0P0.2; and 

(d) NR20P0.2. 
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