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Abstract 
 

In this study, an experimental and numerical investigation of Kirkuk real field soil treated with waste tire has been examined. Field soil 

samples from Kirkuk city have been collected and tested experimentally to evaluate the basic soil properties. The field soil has been 

treated with waste shredded tires and up to 10%. A series of direct shear tests under different normal stresses and unconfined compres-

sion tests with two different rates have been performed on both untreated and waste tire treated soils. For the untreated soil, the maxi-

mum shear stress measured by the direct shear test increased by 150% when the normal shear stress increased from 50 kPa to 150 kPa. 

For the 5% and 10% waste tire treated soils, the maximum shear stresses measured by the direct shear test increased by 110% and 105% 

when the normal stress increased from 50 kPa to 150 kPa respectively. The peak uniaxial stress measured by the unconfined compression 

test increased by 83% and 98% as the waste tire treatment increased from 0% to 10% for both testing rates of 0.125 mm/min and 0.25 

mm/min respectively. Finally, finite element method using three different models represented by elastic, hyperbolic and Mohr-Coulomb 

elastic-plastic models have been used to model unconfined compression tests for both untreated and 10% waste tire treated soils. For 

both untreated and waste tire treated soils, the elastic model over predicted the shear stress versus shear strain relationship whereas the 

elastic-plastic model had a very good agreement with the experimental data. However, the hyperbolic model had a good prediction for 

the initial part of the shear stress versus shear strain relationship for both untreated and waste tire treated soils with an overestimation for 

the second part of the experimental data. 
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1. Introduction 

Waste material is any kind of material that is the output of human 

and industrial action with no living value. The increasing numbers 

and categories of waste materials, lack of landfill spaces, and 

shortage of natural earth materials emphasize on the necessity of 

discovering advanced ways of reusing and recycling these waste 

materials [1]. In addition, reutilizing with subsequent reuse of 

waste materials can decrease the need for natural resources, which 

can eventually direct to a more sustainable environment [2]. 

The problem of waste tires is growing daily all over the world. For 

instance, in the United States, more than 250 million waste tires 

are stockpiled and currently 5 billion tires are stockpiled [3], and 

more than 28 million passenger car tires are discarded in Canada 

[4]. Based on the data of the department of land transport and in 

the case of Thailand specifically, an accumulated number of regis-

tered cars by the 31st of December 2009 was almost 27 million 

[5]. Thus, if each vehicle needs changing tires every 3 years, then 

each year the waste tires would approximate 36 million. Consider-

ing these enormous numbers, it can be noticed that Thailand and 

any other country having a similar situation needs to think sensi-

bly about how to manage the waste tires in the near future. In ad-

dition, stockpiling of waste scrap tires have the potential of fire 

hazard leading to environmental harm and a good breeding home 

for disease-carrying insects and vermin [6]. Hence, finding new 

and useful ways to reuse and recycle large volumes of waste tires 

are required. Tire waste can be used as a lightweight material in 

different forms such as chips, powder, and shredded tires where 

any type of these forms is used above or below the ground water 

table [7]. Scrap tires have been used in geotechnical application 

particularly as embankment materials since scrap tires are cheaper 

than other alternatives. An estimation of over 13.5 million tons of 

scrap tires is stockpiled of every single year worldwide [8]. Plac-

ing 15 to 30 cm of shredded waste tires can preserve the subgrade 

soil from thawing in spring. In addition, the waste tires have a 

high permeability that allows draining the water from beneath the 

roads avoiding the road surface damage. 

The tire chips are generally between 12 mm to 50 mm in size 

whereas tire shreds are larger [3]. The specific gravity of tire chips 

and tire shreds varies from 1.02 to 1.26 depending on the quantity 

of steel belt in the tire [8-10].  

Waste tires products represented by tire shreds, tire bales, crumb 

and ground rubber is used in a variety of engineering purposes 

such as embankments, backfills, subgrades, erosion control, and 

asphalt mixture design [11-17]. The waste tire maintains a high 

damping characteristic that has the benefit to be used in the em-

bankment and railroad track to decrease the disturbance of close 

by residents [10-18]. 

Ahmed [9] performed several triaxial tests on tire chips mixed 

with Ottawa sand and found that the apparent cohesion increases 

while friction angle decreases with increasing tire chips in the 

mix. Adding 25% of the tire chips to sand with size ranges from 

20 mm to 80 mm increases the shear strength (obtained from di-

rect shear test) slightly at low normal stresses [10]. Foose et al. [8] 

conducted a study on sand reinforced with shredded waste tires 

with sizes of 6 mm to 50 mm in direct shear test and revealed that 

Mohr strength envelopes were non-linear and were affected by 
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shred contents, normal stress and sand matrix unit weight. It was 

observed from the stress-strain relationship of a mixture of sand 

and tire chips that the dilatancy behavior of rubber sand is in be-

tween pure sand and pure chips [3].  

Triaxial compression tests on sand tire mixture have shown that 

the shear strength is increased and the compressibility is decreased 

when there is an increase in the proportion of tire chips or the 

density [6]. Ghazavi and Sakhi [19] revealed that the affecting 

parameters on the shear strength characteristics of the sand-shred 

mixture are sand matrix unit weight, normal stress, shred width, 

shred content, and aspect ratio of tire shreds. It was reported that 

initial stiffness decreases with increasing tire chip content in the 

mixture and increases linearly with the confining pressure [20]. In 

addition, scrap tires could be used as cushions around building to 

absorb the vibrating energy generated by an earthquake [21].  

Waste tires have been a serious problem facing the entire world 

for the last 20 to 30 years. By some estimation, Kirkuk city damps 

a very high percentage of waste tires with no reusing or recycling. 

Around the world, several previous studies have been attempted to 

solve this problem in particular treating the soil with waste tires. 

No studies have addressed the waste tire problem in Iraq generally 

and Kirkuk specifically. In addition, all the earlier studies have 

focused on the experimental aspects with no numerical investiga-

tion of the behavior of waste tire treated soil.  

The main objective of this study is to check the effectiveness of 

waste tires on the behavior of field soil obtained from Kirkuk city. 

Particularly, it is required to measure the effect of waste tires on 

the shear strength behavior of field soil from Al-Sayada location 

near the campus of the University of Kirkuk. In addition, finite 

element analysis has been incorporated using three different mod-

els represented by elastic, hyperbolic and Mohr-Coulomb models 

to study the behavior of untreated and waste treated field soil. 

2. Materials and methods 

1) Site  

The soil for the study has been chosen from the University of Kir-

kuk location at Al-Sayada as shown in Figs. 1 and 2 respectively. 

2) Drilling and sampling 

The soil was collected from Kirkuk city (University of Kirkuk), 

which is located in the Kirkuk Governorate at the north of Iraq. 

The samples were taken from a depth of 0.5 m below the natural 

ground level using simple manual tools as shown in Fig. 3. The 

top layer of soil was removed, and then disturbed samples were 

obtained and transported to the soil mechanics laboratory of the 

Civil Engineering Department at the University of Kirkuk. 

 

 
Fig. 1: The Map of Kirkuk City. 

 

 
Fig. 2: The Location of the University of Kirkuk. 

 

 
Fig. 3: Disturbed Samples at Depth of 0.5 M below the Ground Level. 

 

3) Laboratory experiments 

The water content of the soil samples has been determined accord-

ing to ASTM 2216 [22]. The specific gravity of the soil was calcu-

lated based on the ASTM D854-02 [23]. The particle size distribu-

tion of the field soil has been evaluated using ASTM D422-63 

[24]. Atterberg limits have been determined according to ASTM 

D4318-00 [25]. The relationship between water content and dry 

unit weight was carried out according to ASTM D698-00a [26]. 

The shear strength of untreated and waste tire treated soils have 

been tested using direct shear device according to ASTM D3080 

[27]. In addition, the unconfined strength of untreated and waste 

tire treated soils have been performed based on ASTM D2166 [28]. 

4) Waste tire 

The waste tires have been shredded in very small sizes using me-

chanical tools in order to make the size of the shredded tires as the 

same as the particle size of the filed soil. A different percentage of 

waste shredded tires has been mixed with the field soil and up to 

10% of the total weight of the tested soil samples. 

5) Finite element analysis (FEA) 

A two dimensional finite element analysis of untreated and waste 

tire treated field soil have been investigated to verify the experi-

ment test results and understand the deformation of the soil mass 

where axisymmetric condition was exhibited. The real untreated 

and waste tire treated soils have been modelled using the data 

obtained from the laboratory soil experiments. The behaviour of 

the untreated and tire treated real field soils were simulated using 

different soil models such as elastic, hyperbolic and elastic-plastic 

models. The simulation concentrates on modelling the unconfined 

compression tests performed on both untreated and tire treated 

field soils.  

The simplest used soil model is the linear elastic model where the 

stresses are directly proportional to the strains. The proportionality 

constants are both Young's Modulus “E” and Poisson's Ratio “ν”. 

The hyperbolic model is used to model the nonlinear elastic stress-

strain behaviour of the materials. It provides an adequate predic-

tion of the soil at fairly low shear stress levels. The hyperbolic 

model is developed in the manner that the soil stiffness increases 
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with increasing confining pressure and decreases with increasing 

shear stress level. The soil stiffness exhibits a very low value at 

the failure. Duncan et al. [29] proposed the hyperbolic model that 

used to validate the nonlinear elastic model with a reasonably 

representative for the soil behaviour. The hyperbolic model pa-

rameters can be determined using triaxial compression tests. The 

hyperbolic model cannot model neither the strain softening behav-

iour nor plastic failure. In addition, the hyperbolic model cannot 

characterize the dilatant behaviour or the lateral compression and 

axial extension.  

Based on the hyperbolic model, the deviatoric stress (1-3) is 

related to axial strain  as follows: 

 

(1-σ3) = ε / (1/ Ei + ε / (σ1-σ3)ult)                                             (1) 

 

where (1-3)ult = ultimate (asymptotic) value of deviatoric stress; 

and Ei = initial tangent Young’s modulus. The ultimate deviatoric 

stress is related to the deviatoric stress at “failure” (soil strength) 

through: 

 

(σ1-σ3)f=Rf (σ1-σ3)ult                                                                (2) 

 

Where 

Rf = failure ratio, a value typically between 0.5 and 0.9. Soil 

strength can be related to confining stress through the Mohr-

Coulomb yield criterion: 

 

(σ1-σ3)f = (2c cos∅+2σ3 sin∅)/ (1-sin∅)                                     (3) 

 

Where c = soil cohesive intercept;  = soil friction angle; and 3 = 

minor principal stress, which is related to the confining stress 

imposed on the soil. The failure envelope is considered to be 

curved by proposing another parameter Δ, which is the change in 

friction angle because of an increase in 3. 

The initial tangent modulus is proportional to the confining stress 

according to: 

 

Ei=KPa (σ3/Pa)n                                                                           (4) 

 

Where K = modulus number, n = modulus exponent, and Pa = 

reference stress (numerically equal to the atmospheric pressure) in 

the desired units for Ei. By differentiating both equations (1) and 

(4), the tangent modulus can be given as: 

 

Ei= [1-(Rf (1-sin∅) (σ1-σ3))/ (2c.cos∅+2σ3sin∅)] 2KPa (σ3/Pa)
n         (5) 

 

In this study, an elastic-plastic Mohr-Coulomb model was selected 

to represent the non-linear behavior of the untreated and tire treat-

ed field soils. The limiting states of the stresses are defined by 

means of the soil undrained shear strength. The initial stresses of 

the soil were generated using Jaky’s formula which defines the at 

rest earth pressure coefficient (Ko = 1- sin) where  is the friction 

angle in terms of total stress. 

In the finite element modeling, an axisymmetric condition for a 

soil sample size of 5.5 cm diameter and 11 cm height with 8-

noded quadrilateral elements having total number of elements 

equal to 33, total number of nodes equal to 128 and average ele-

ment size of 1 mm have been used. The boundary conditions were 

chosen where the vertical boundaries are constrained horizontally 

and free vertically while the bottom horizontal boundary is fully 

fixed. Loading was applied in very small increments up to the total 

load. Values of soil parameters used in this analysis are summa-

rized in Table 1. 

 
Table 1: Soil Parameters for Finite Element Analysis 

Model Properties 
Untreated field 
soil 

Tire treated 
soil 

 

Linear-Elastic 

Unit weight (kN/m3) 20 19 

Young’s modulus, E 

(kN/m2) 
5000 15000 

Poisson’s ratio, v 0.4 0.4 

 
 

Hyperbolic 

(Nonlinear-
Elastic) 

Unit weight (kN/m3) 20 19 

Young’s modulus, E 

(kN/m2) 
5000 15000 

Poisson’s ratio, v 0.4 0.4 

Cohesion (kN/m2) 10 15 
Angle of internal 

friction, o 
25 30 

Failure ratio, Rf 0.7 0.7 

 
Elastic-Plastic 

(Mohr-

Coulomb) 

Unit weight (kN/m3) 20 19 

Young’s modulus, E 

(kN/m2) 
5000 15000 

Poisson’s ratio, v 0.4 0.4 

Cohesion (kN/m2) 10 15 

Angle of internal 

friction, o 
25 30 

Dilation angle, o 20 20 

3. Results and analysis 

1) Physical soil properties 

The collected field soil samples have been tested in the laboratory 

and the results are summarized in Table 2. In addition, the particle 

size distribution of field soil has been shown in Fig. 4. The liquid 

limit evaluation is shown in Fig. 5. The soils can be classified as 

clayey sands “sand-clay mixtures” (SC) according to USCS (uni-

fied soil classification system). The compaction curve for the test-

ed field soil have been presented in Fig. 6. The maximum and 

minimum dry densities for the tested field soil were 1.6 gm /cm3 

and 2.0 gm/cm3 respectively, whereas the optimum moisture con-

tent was 21%. 

 
Table 2: Physical Soil Properties 

Property Value 

Water content 8.4% 

Specific gravity 2.68 

Effective size, D10 0.1 mm 
Coefficient of uniformity, Cu 11.8 

Coefficient of curvature, Cc 0.76 

Liquid limit 23.9 
Plastic limit 4.9 

 

 
Fig. 4: Grain Size Distribution of the Field Soil. 

 

 
Fig. 5: Liquid Limit Evaluation. 
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Fig. 6: The Compaction Curve for the Tested Field Soil. 

 

2) Direct shear results 

The shear stress variation with the horizontal displacement for 

different applied normal stress for untreated and waste tire treated 

soils is shown in Fig. 7. It is clearly shown that the shear stress 

increases with increasing the normal stress for both untreated and 

treated field soils and up to 10% waste tire treatment. For the un-

treated soil, the maximum shear stress increased by 150% when 

the normal shear stress increased from 50 kPa to 150 kPa. For the 

5% waste tire treated soil, the maximum shear stress increased by 

110% when the normal stress increased from 50 kPa to 150 kPa. 

For the 10% waste tire treated soil, the maximum shear stress 

increased by 105% when the normal stress increased from 50 kPa 

to 150 kPa. Applying higher normal stresses on both untreated and 

waste tire treated soils increase the shear stress since the particles 

become closer leading to higher tangential stresses.  

The shear stress variation with the horizontal displacement for the 

same applied normal stress of untreated and waste tire treated soils 

is shown in Fig. 8. For the applied normal stress of 50 kPa, the 

maximum shear stress increased by 67% when the waste tire 

treatment increased from 0% to 10%. For the applied normal 

stress of 100 kPa, the maximum shear stress increased by 119% 

when the waste tire treatment increased from 0% to 10%. For the 

applied normal stress of 150 kPa, the maximum shear stress in-

creased by 36% when the waste tire treatment increased from 0% 

to 10%. It is effectively shown that the waste tire has the ability to 

increase the shear strength (maximum shear stress) of the field soil 

with the maximum impact of 119% when the applied normal 

stress and waste tire treatment are 100 kPa and 10% respectively. 

 

 
 

 
 

 
Fig. 7: The Variation of the Shear Stress With the Horizontal Displace-
ment for the Untreated and Waste Tire Treated Soils with Different Ap-

plied Normal Stresses of (A) 0% Waste Tire Treatment, (B) 5% Waste 

Tire Treatment, and (C) 10% Waste Tire Treatment. 

 

 
 

 
 

b 

b 
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a 

 

c 

a 
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Fig. 8: The Variation of the Shear Stress with the Horizontal Displacement 

for the Untreated and Waste Tire Treated Soils with Different Applied 
Normal Stresses of (A) Normal Applies Stress = 50 Kpa, (B) Normal 

Applies Stress = 100 Kpa, And (C) Normal Applies Stress = 150 Kpa. 

 

3) Unconfined compression results 

The variation of the uniaxial compression stress with the vertical 

strain for untreated and waste tire treated field soils tested under 

different rates are shown in Fig. 9. The uniaxial stress increased 

with increasing the vertical strain up to the peak value then started 

to decrease up to the failure. The peak uniaxial stress increased by 

83% and 98% as the waste tire treatment increased from 0% to 

10% for both testing rates of 0.125 mm/min and 0.25 mm/min 

respectively. The peak uniaxial stresses were 23 kPa and 42 kPa 

for 0% and 10% waste tire treatment at a testing rate of 0.125 

mm/min whereas the peak uniaxial stresses were 16.1 kPa and 

31.9 kPa for 0% and 10% waste tire treatment at a testing rate of 

0.25 mm/min. Hence, it is clearly indicated that the lower testing 

rate has given higher peak uniaxial stress for both untreated and 

waste tire treated field soils. For the both testing rates of 0.125 

mm/min and 0.25 mm/min, the peak uniaxial stresses occurred at a 

strain range of 0.5% to 0.65%. 

The failure patterns of the untreated and waste tire treated soils for 

the unconfined compression tests have shown in Fig. 10. It has 

noticed that the untreated and waste tire treated soils follow differ-

ent failure patterns where the waste tire strengthen the core of the 

soils compared to the untreated soils. 

 

 
 

 
Fig. 9: The Variation of the Uniaxial Stress with the Vertical Strain for the 

Untreated and Waste Tire Treated Soils with Different Testing Rates of (A) 
Testing Rate = 0.125 Mm/Min, and (B) Testing Rate = 0.25 Mm/Min. 

 

 
Fig. 10: The Failure Pattern of the Untreated and Waste Tire Treated Soils 

in the Unconfined Compression Test. 

4) Finite elements results 

a) Deformed Mesh 

 
(A) 

 
 

(B) 

 
Fig. 11: The Deformed Mesh for Unconfined Compression Test Using 

Elastic Model for (A) Untreated Soil, and (B) 10% Waste Tire Treated 
Soil. 

 

The deformed mesh for unconfined compression test using the 

elastic model for both untreated and 10% waste tire treated soils 

have shown in Fig. 11. When the elastic model is used, both un-

treated and waste tire treated soils exhibited similar deformed 

shapes. 

 

 

 

 

 

 

 

 

a 

c 

b 
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(A) 

 
 

(B) 

 
Fig. 12: The Deformed Mesh for Unconfined Compression Test Using 

Hyperbolic Model for (A) Untreated Soil, and (B) 10% Waste Tire Treated 

Soil. 

 

In addition, the deformed mesh for unconfined compression test 

using the elastic-plastic model for both untreated and 10% waste 

tire treated soils have shown in Fig. 13. When the elastic-plastic 

model is used, both untreated and waste tire treated soils adopted 

similar deformed shapes. 

 
(A) 

 
 

 

 

 

 

 

(B) 

 
Fig. 13: The Deformed Mesh for Unconfined Compression Test Using 

Elastic-Plastic Model for (A) Untreated Soil, and (B) 10% Waste Tire 
Treated Soil. 

 

b) Shear stress-shear strain 

The finite element method has been used to predict the shear stress 

versus shear strain relationship for unconfined compression test 

using elastic, hyperbolic and elastic-plastic models for both un-

treated and 10% waste tire treated soil as shown in Figs. 14 and 15 

respectively. For both untreated and waste tire treated soils, the 

elastic model over predicted the shear stress versus shear strain 

relationship whereas the elastic-plastic model had a very good 

agreement with the experimental data. For both untreated and 

waste tire treated soils, the hyperbolic model had a good predic-

tion for the initial part of the shear stress versus shear strain rela-

tionship with an overestimation for the second part of the experi-

mental data. 

c) Maximum vertical displacement-time 

The variation of the maximum vertical displacement with the time 

for both untreated and 10% waste tire treated soils were predicted 

using finite element method with three different models as shown 

in Figs. 16 and 17 respectively. For both untreated and waste tire 

treated soils, the elastic model underestimated the maximum verti-

cal displacement versus time relationship whereas the elastic-

plastic model had a very good agreement with the experimental 

data. For the untreated soil, the hyperbolic model has predicted the 

early initial part of the experimental data well with an overestima-

tion for the rest of the experimental data. For the 10% waste tire 

treated soil, the hyperbolic model has underestimated most of the 

experimental data with a good agreement with the final experi-

mental value. 

 

 
 

Fig. 14: Comparison between Finite Element Predictions with Experi-
mental Data for the Shear Stress-Shear Strain Relationship of Untreated 

Soil Using Three Different Models. 
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Fig. 15: Comparison between Finite Element Predictions with Experi-
mental Data for the Shear Stress-Shear Strain Relationship of 10% Waste 

Tire Treated Soil Using Three Different Models. 

 

 
Fig. 16: Comparison between Finite Element Predictions with Experi-

mental Data for the Maximum Vertical Displacement Relationship of 
Untreated Soil Using Three Different Models. 

 

d) Maximum horizontal displacement-time 

The variation of the maximum horizontal displacement with the 

time for both untreated and 10% waste tire treated soils have been 

predicted using finite element method with three different models 

as shown in Figs. 18 and 19 respectively. For both untreated and 

waste tire treated soils, the elastic and hyperbolic models 

overestimated the maximum horizontal displacement versus time 

relationships whereas the elastic model had a good agreement with 

the experimental data. 

 

 
Fig. 17: Comparison between Finite Element Predictions with Experi-

mental Data for the Maximum Vertical Displacement Relationship of 10% 

Waste Tire Treated Soil Using Three Different Models. 

 

 
Fig. 18: Comparison between Finite Element Predictions with Experi-

mental Data for the Maximum Horizontal Displacement Relationship of 
Untreated Soil Using Three Different Models. 

 

 
Fig. 19: Comparison between Finite Element Predictions with Experi-
mental Data for the Maximum Horizontal Displacement Relationship of 

10% Waste Tire Treated Soil Using Three Different Models. 

4. Conclusions 

Based on the experimental and numerical results of this study, the 

following conclusions can be drawn: 

1) The grain size distribution of the Kirkuk field soil has shown 

that the soil can be classified as sand-clay mixtures with 

maximum and minimum dry densities of 1.6 gm /cm3 and 

2.0 gm/cm3 respectively.  

2) For the untreated field soil, the maximum shear stress ob-

tained from direct shear tests increased by 150% when the 

normal shear stress increased from 50 kPa to 150 kPa. For 

the 5% and 10% waste tire treated soils, the shear stress 

measured from direct shear tests increased by 110% and 

105% when the normal stress increased from 50 kPa to 150 

kPa respectively. 

3) It is remarkably shown that the waste tire has the ability to 

increase the shear strength of the field soil with the maxi-

mum impact of 119% when the applied normal stress of the 

direct shear test was 100 kPa at 10% waste tire treatment. 

4) The peak uniaxial stress obtained from unconfined compres-

sion test increased by 83% and 98% as the waste tire treat-

ment increased from 0% to 10% for both testing rates of 

0.125 mm/min and 0.25 mm/min respectively.  

5) It is clearly shown that the lower testing rate of the uncon-

fined compression test has given higher peak uniaxial stress 

for both untreated and waste tire treated field soils.  

6) Both untreated and waste tire treated soils exhibited similar 

deformed shapes when elastic or elastic-plastic models are 

used. However, the upper zone for the untreated soil is af-

fected more that the upper zone for 10% waste tire treated 

soils when the hyperbolic model is used. 

7) For both untreated and waste tire treated soils, the elastic 

model over predicted the shear stress versus shear strain re-

lationship whereas the elastic-plastic model had a very good 

agreement with the experimental data. However, the hyper-
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bolic model had a good prediction for the initial part of the 

shear stress versus shear strain relationships with an overes-

timation for the second part of the experimental data.  

8) For both untreated and waste tire treated soils, the elastic 

model underestimated the maximum vertical displacement 

versus time relationship whereas the elastic-plastic model 

had a very good agreement with the experimental data. 

9) For both untreated and waste tire treated soils, the elastic and 

hyperbolic models overestimated the maximum horizontal 

displacement versus time relationships whereas the elastic 

model had a good agreement with the experimental data. 
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