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ABSTRACT: The use of expanded polystyrene (EPS) and tire derived aggregate (TDA) as soil 
stabilization materials has received considerable attention in the last few decades. With the increased 
use of these products for stabilization purposes, investigating their stress-strain behavior emerges as 
a crucial endeavor. One of the most widely-used methods employed for evaluating the stress-strain 
behavior of such mixtures under varying overburden pressures is oedometer testing. In this study, the 
results of oedometer tests on mixtures of sand and EPS beads, as well as sand and TDA, are used to 
develop Evolutionary Polynomial Regression-based models for both sand-EPS and sand-TDA mixtures. 
The models presented are developed based on the results of laboratory oedometer tests on the aforesaid 
mixtures, under different overburden pressures, different relative densities and varying contents of 
EPS or TDA. Subsequently, by performing multivariate parametric studies on the presented models, 
the effect of the simultaneous variations of the influencing parameters on the resulting settlement has 
been investigated. In addition, by carrying out sensitivity analyses, it was found that among the studied 
parameters, the relative density had the least effect on the resulting settlement for both sand-EPS and 
sand-TDA mixtures, while the EPS content is the most effective parameter in the settlement of sand-EPS 
mixtures and for the sand-TDA mixtures, both the TDA content and the overburden pressure had the 
most effect.
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1.INTRODUCTION
The idea of improving soil properties in order to elevate 

them to the point of being suitable as the main material for 
different structures, dates back to ancient times. Over time, 
humans have recognized the weak shear strength and the lack 
of tensile strength in soil and thus, have always searched for 
methods to improve soil’s mechanical properties including 
its strength. Recently, researchers have been looking for 
ways to use tire waste in civil engineering projects to solve 
both the problem of its disposal and to take advantage of 
potential benefits it could offer for construction purposes. 
With the application of recycled tires in various areas of 
civil engineering, namely as aggregate replacement in the 
construction of nonstructural sound-barrier fills, lightweight 
embankment fills crossing soft or unstable ground, regular 
fills, retaining-wall backfills, edge drains as well as drainage 
layers, daily cover materials and sorption barriers in landfills 
[1], several researchers have investigated the mechanical 
properties of tire inclusions and their performance in 
improving soil behavior [2-5]. Foose et al. (1996) presented 
direct shear test results on mixtures of dry sand and shredded 
waste tire, and showed that the addition of tire chips increases 
the shear strength of the sand, and normal stress, tire chip 
content and unit weight have the greatest effect on shear 

strength [6]. In addition, due to the low specific gravity of 
the sand-tire chip mixture in comparison to pure sand, soil 
properties can be improved by the addition of this material. 
Slopes reinforced with tire chips present a higher factor of 
safety and the factor of safety increases as the weight content 
of the tire chips is increased from 2.5 to 10% [7]. Moreover, 
tire chips improve soil’s hydraulic properties and increase 
the soil’s internal friction angle [8]. Research has also shown 
that soil-tire chip mixtures experience more deformation in 
comparison to pure soil and therefore, the elastic behavior of 
the mixture during unloading is diminished [9]. Shariatmadari 
et al. (2018a, 2018b, 2019) used the results of monotonic and 
cyclic hollow cylinder torsional tests to investigate the stress-
strain characteristics of sand and ground rubber mixtures 
and their resistance to liquefaction with results showing a 
reduction in liquefaction resistance [10-12].

Geofoam also known as expanded polystyrene (EPS), is 
another material that has received attention in geotechnical 
engineering particularly for being lightweight, easy to use 
and cheaper in comparison to other materials. The use of 
EPS has several advantages, including reducing the weight 
of filler materials, improvement of soil parameters, reduction 
of the lateral pressures on retaining structures, reduction of 
construction costs and a more pleasant appearance of the 
final structure. Multiple studies have been carried out on the 
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mechanical behavior of sand with EPS blocks [13]. In addition, 
mixtures of soil, EPS and cement have been widely studied 
and used as lightweight filler material [14-16]. According to 
previous studies, the addition of EPS to sandy soil and the 
increase in its content, results in an increase in the cohesion 
of the mixture and the volumetric strains sustained, while the 
shear strength and internal friction angle are reduced [17-19]. 
Moreover, some of the other geotechnical parameters of sand-
EPS mixtures such as permeability, coefficient of at-rest lateral 
pressure, volume compressibility coefficient, and drained and 
undrained elasticity modulus were evaluated using a large-
scale oedometer apparatus, and it was concluded that the EPS 
beads have a reinforcing effect on the mixtures and they reduce 
the permeability and drained elastic modulus while increasing 
the volume compressibility coefficient and the coefficient of 
at-rest lateral pressure [20]. Recently, the dynamic properties 
of sand-EPS mixtures have also been investigated where the 
effect of EPS content on damping properties and small-strain 
shear modulus has been documented [21].

Due to the increasing use of the aforesaid materials in 
improving the properties of sandy soils and the important 
role of the settlement of such mixtures in the design of 
structures, developing a model to study and predict their one-
dimensional stress-strain behavior is a beneficial endeavor.

Evolutionary polynomial regression (EPR) is a data-
driven regression method that is based on evolutionary 
computing. In this study, results of laboratory oedometer 

experiments on sand-TDA and sand-EPS beads mixtures 
are used to develop and present EPR models that can predict 
their one-dimensional stress-strain behavior. Based on the 
experimental results, the measured vertical strain data is 
fed to the EPR process as the sole output parameter, while 
three parameters are selected as input parameters. The first 
input parameter is the overburden pressure which is the 
vertical pressure imposed on the samples under which one-
dimensional compression takes place. The second input 
parameter is the unconventional material content which is the 
weight/volumetric content of EPS or TDA in the mixture. The 
third and final input parameter is relative density which is the 
skeletal relative density of the sand matrix. In addition, the 
effect of different input parameters on the predicted output 
value is investigated using parametric and sensitivity analyses.

2.MATERIALS
2-1- Sand

In this study, experiments were carried out on the 
Chamkhaleh sand collected from the Chamkhaleh beach 
in the southwest of the Caspian Sea. Table 1 presents the 
geotechnical parameters of this soil. Fig. 1 presents the grain 
size distribution of the Chamkhaleh sand.

2-2- EPS beads
In this study, EPS beads with a specific gravity of 0.013 and 

physical properties as presented in Table 2 were used. Fig. 2 

 

Table 1. Geotechnical properties of Chamkhaleh sand

 

Table 2. Physical properties of the EPS

 
Fig. 1. Grain size distribution of the Chamkhaleh sand 

  

 
Fig. 2. Grain size distribution of the EPS beads 

  

Fig. 1. Grain size distribution of the Chamkhaleh sand Fig. 2. Grain size distribution of the EPS beads
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presents the grain size distribution of the EPS beads.
Fig. 3 presents the EPS beads used in the study.

2-3- Tire derived aggregate (TDA)
In this study, TDA obtained from crushing and milling of 

worn-out tires has been used. Table 3 presents the physical 
properties of the TDA used. Fig. 4 and 5 present the TDA 
used in the study and its grain size distribution respectively.

3. METHOD
3-1- Sand-EPS beads sample preparation

Sand-EPS beads samples were prepared with EPS to sand 
weight ratios of 0, 0.25, 0.5 and 1%. A water content equal to 5 
% of the sand weight was also added to the mixtures to induce 
bonding between the sand and EPS particles and prevent 
segregation. Mixtures were prepared at two different relative 
densities of 40 and 80%. The samples were all prepared at 
the fixed volume of 1554.03 m³. For each mixing ratio, the 
dry weight of the sand and EPS beads is determined and 
the materials are mixed together with the required water 
thoroughly, in order to achieve a homogenous mixture. Fig. 6 

presents the sand-EPS mixture. Mixtures were poured into the 
cell in five layers and compacted using a manual tamper. Table 
4 presents the weight of the materials used for each sample. 
A total of eight samples were prepared and each sample was 
subjected to increasing levels of overburden pressure, namely 
75, 150, 300, 600, and 1200 kPa in the oedometer tests.

3-2- Sand-TDA sample preparation
Sample preparation for the sand-TDA mixtures was 

similar to the method described in section 3.1. However, 
for the sand-TDA mixtures, TDA was added to sand in 
volumetric ratios of 10, 20, 30 and 40%. As described before, 
overburden pressures of 75, 150, 300, 600 and 1200 kPa were 
inflicted on the samples in stepwise stages. Table 5 presents 
the laboratory testing program for the sand-TDA mixtures.

3-3- Tall oedometer apparatus
The standard oedometer test, also known as one-

dimensional consolidation or compression test, is one of 
the oldest tests to measure the compressibility parameters 
of geomaterials. In this study, a tall pneumatic oedometer 

 
Fig. 3. EPS beads 

  

Fig. 3. EPS beads

 

Table 3. Physical properties of the TDA

 
Fig. 4. TDA 

  

 

Fig. 5. Grain size distribution of the TDA 

  

Fig. 4. TDA Fig. 5. Grain size distribution of the TDA
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device, designed and fabricated in Guilan University was 
employed. Composite geomaterials such as sand-TDA 
and sand-EPS beads are both highly compressible and 
experience considerable deformations during loading. As a 
result, a tall oedometer apparatus would be ideal to evaluate 
the compressibility properties in mixtures of soil and these 
materials. The tall oedometer is used in this study, to measure 
and evaluate the settlement and deformation of the composite 
mixtures. Fig. 7 and 8 present a schematic view and a photograph 
of the employed tall oedometer apparatus respectively. The 
oedometer steel cell has an internal nominal diameter of 85 mm, 
wall thickness of 7.5 mm and height of 300 mm. It is equipped 
with a lateral pressure cell as well as a bottom pressure cell installed 

at the bottom of the oedometer cell.
In this study, samples are subjected to loading while dry, 

and no extra water is added to the samples. Loading is started 
by imposing a 75-kPa stress on the samples. After the load is 
applied, enough time is allowed to pass for the displacement 
readings to fully stabilize. Once no more changes are witnessed 
in the LVDT readings, the load is increased to the next level 
(doubled). This is continued until the load is increased to 
1200 kPa.

3-4- Evolutionary polynomial regression modeling
Evolutionary polynomial regression (EPR) is a data-driven 

regression method that is based on evolutionary computing. 

 
Fig. 6. Sand-EPS beads mixture 

  

Fig. 6. Sand-EPS beads mixture

 

Table 4. Oedometer testing program for the sand-EPS beads mixtures

Table 5. Oedometer testing program for the sand-TDA mixtures
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The evolutionary procedure first looks for exponents of 
polynomial expression using a genetic algorithm with a fixed 
maximum number of terms [22]. Next numerical regression 
is used to solve least-squares problems that determine 
the constant values for the polynomial expressions. The 
process starts from a constant mean of output values. 
As the evolutions continue, the model picks up different 
participating parameters and forms expressions that describe 
the relationship between them. The procedure is terminated 
once a criterion set by the user, such as the maximum number 
of terms in the mathematical expression, the maximum 
number of generations, or a particular allowable error is 
satisfied [23, 24].

4.ANALYSIS
4-1- Experimental results

As previously mentioned, increasing levels of overburden 
pressure are applied to the samples placed in the tall oedometer 
apparatus. It has been well established that the friction that 
develops between the soil sample and the inner walls of a tall 
oedometer apparatus (height to diameter ratio greater than 0.4) 
is not negligible [25, 26]. Therefore, its effects on the stresses in 
such an oedometer have to be accounted for. Hence, when an 
overburden pressure is applied to the sample, the distribution 
of the vertical stresses along the sample height is not uniform. 
As mentioned in section 3-3, the oedometer is equipped with 
a bottom pressure cell through which the vertical stress at the 
bottom of the oedometer cell can be measured. The friction 
generated along the cell wall is the difference between the 
applied overburden pressure and the bottom vertical stress. The 
distribution of the vertical stress between the top and bottom 
can also be determined according to the analytical solution 
provided by Lovias and Sivakugan (2015):

04 tan ( / ) 4 ( / )K z D z D
z qe qeδ βσ − −= =        (1) 

where D is the cell diameter, σz is the effective vertical 
stress at depth z, q is the applied overburden pressure, K0 is the 
at-rest lateral pressure coefficient and δ is the friction angle 
of the interface between the soil and the cell wall [26]. By 
measuring the vertical stress at the bottom of the oedometer 
cell at a depth of z=h, the value of β can be calculated. 

In comparison to the overburden pressure, an average 
vertical stress for a tall oedometer, is a more accurate 
representation of the stress imposed on the sample. The 
average vertical stress imposed on a sample of height h, can 
then be calculated according to the following:
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Fig. 7. Schematic view of the tall oedometer apparatus 

  

Fig. 7. Schematic view of the tall oedometer apparatus

 
Fig. 8. Tall pneumatic oedometer apparatus 

  

Fig. 8. Tall pneumatic oedometer apparatus
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Fig. 9 presents the stress-strain curves for the sand-
EPS beads mixtures at the relative densities of 40 and 80% 
respectively at varying levels of average vertical pressure while 
Fig. 10 presents similar data for the sand-TDA mixtures. As 
seen from the figures, for a given EPS or TDA content, with 
the increase in vertical pressure, the one-dimensional vertical 
strain increases. Moreover, for a given overburden pressure, 
with the increase in EPS and TDA content, vertical strain 
increases. This increase is more prominent for the mixtures 
containing EPS in comparison to the mixtures containing 
TDA. Moreover, the vertical strains measured for the samples 
prepared at the higher relative density experience lower 
strains for both mixtures.

4-1- Sand-EPS beads one-dimensional stress-strain EPR 
models

Based on the results presented in Fig. 9, EPR models 

were developed in order to predict the one-dimensional 
stress-strain behavior of the sand-EPS mixtures. Equation (3) 
presents the EPR model obtained for the sand-EPS mixtures. 
The model predicts the one-dimensional vertical strain based 
on the three input parameters of average vertical pressure, 
relative density and the EPS content of the samples.
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where εa is the vertical strain, Dr is the relative density 
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Fig. 9. One-dimensional stress-strain curves for the sand-EPS mixtures at: a) Dr=40 %; b) Dr=80 % 

  

Fig. 9. One-dimensional stress-strain curves for the sand-EPS mixtures at: a) Dr=40 %; b) Dr=80 %

 
         (a)                  (b) 

Fig. 10. One-dimensional stress-strain curves for the sand-TDA mixtures at: a) Dr=40 %; b) Dr=80 % 
  

Fig. 10. One-dimensional stress-strain curves for the sand-TDA mixtures at: a) Dr=40 %; b) Dr=80 %
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(by percent), σv is the average vertical stress and δ is the EPS 
weight content (by percent).

Fig. 11 shows the predicted versus measured vertical 
strain values for the sand-EPS models. It can be seen that the 
predicted=measured line can be regressed to the data with 
a value of R2 equal to 99.12 %. Therefore, it can be inferred 
that the proposed EPR relationship has a high accuracy in 
predicting the one-dimensional stress-strain behavior of such 
mixtures.

4-2- Sand-TDA stress-strain one-dimensional EPR models
In order to predict and evaluate the one-dimensional 

stress-strain behavior of sand-TDA mixtures, EPR models 

were developed based on the data presented in Fig. 10. 
Equation (4) presents the EPR model developed for the sand-
TDA mixtures which predicts the vertical strain based on the 
input parameters of average vertical pressure, TDA content 
and relative density of the mixture.  ارائه معادلات دارای اشکال به همراه شماره معادله در متن مقاله: ججدول 
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where η is the TDA volume content (by percent).
Fig. 12 presents the predicted versus measured vertical 

 
Fig. 11. Predicted versus measured vertical strain for the proposed sand-EPS model 

  

Fig. 11. Predicted versus measured vertical strain for the 
proposed sand-EPS model

 
Fig. 12. Predicted versus measured vertical strain for the proposed sand-TDA model 

  

Fig. 12. Predicted versus measured vertical strain for the 
proposed sand-TDA model

 
 

Fig. 13. Graphical multivariate parametric study of the sand-EPS model from three different angles 

  

Fig. 13. Graphical multivariate parametric study of the sand-EPS model from three different angles
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strain values for the sand-TDA models. As inferred from the 
R2 value, (98.80%), the proposed model is highly accurate.

4-3- Multivariate parametric analysis of the sand-EPS EPR 
model

As previously mentioned, the vertical strain for the sand-
EPS mixtures is predicted by the EPR model as a function of 
EPS content, average vertical stress and relative density. In this 
section, parametric analysis is carried out graphically, in order 
to investigate the combined effect of the input parameters on 
the predicted sand-EPS strain. Fig. 13 is created by using the 
EPR model as defined by equation (3), to predict the vertical 
strain for the input parameters in the range adopted in the 
experimental program and graphing the predictions against 

the input parameters. The results are presented from three 
different angles. In these figures the top curve corresponds to 
Dr=40% while the bottom curve pertains to Dr=80%.

As seen from Fig. 13, an increase in the percentage of 
EPS generally increases the one-dimensional strain. The 
rate of increase is much higher for higher levels of vertical 
pressure. The effect of vertical pressure on the vertical strain 
is negligible at low EPS content, but as more EPS is added, 
the effect of overburden pressure is highlighted. As seen from 
Fig. 13, the threshold of this change in the prominence of the 
effect of overburden pressure occurs at an EPS content of 0.2 
to 0.3 %. The effect of relative density appears to not be as 
prominent since both curves are very similar in shape and are 
also very close to one another. It appears that the EPS phase 

 

 
 

Fig. 14. Graphical multivariate parametric study of the sand-TDA model from three different angles 

  

Fig. 14. Graphical multivariate parametric study of the sand-TDA model from three different angles

 
         (a)                  (b) 

Fig. 15. The dependency of vertical strain on each effective parameter for the: a) sand-EPS model, and b) sand-TDA model 

 

Fig. 15. The dependency of vertical strain on each effective parameter for the: a) sand-EPS model, and b) sand-TDA model
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determines the vertical strain, particularly at higher contents 
and therefore, the sand phase and its relative density do not 
play as significant a role.

 
4-4- Multivariate parametric analysis of the sand-TDA EPR 
model

Similarly, parametric analysis is carried out graphically 
for the sand-TDA model. Fig. 14 is created by graphing the 
predictions of the EPR model for sand-TDA mixtures as 
defined by equation (4), against the input parameters. The 
results are presented from three different angles. Once again, 
the top curve corresponds to Dr=40% while the bottom curve 
pertains to Dr=80%.

As seen from Fig. 14, the effect of TDA is more prominent 
at higher levels of vertical pressure, particularly at a lower 
relative density. Therefore, the lowest strain occurs at the 
highest relative density, lowest vertical pressure and lowest 
TDA content. In addition, a more significant effect of the 
vertical pressure is observed at the lower level of relative 
density, where the rate of the increase in vertical strain with 
vertical pressure is higher. This rate is also higher at higher 
TDA content.

4-5- Sensitivity analysis of the models
Sensitivity analysis according to the Cosine Amplitude 

Method (CAM) has been carried out on the developed 
EPR models in order to determine the effect of the input 
parameters and to evaluate the dependency of the target 
function on the input parameters. To this end, first all the 
predicted data are turned into dimensionless values in a range 
of 0 to 1, according to equation (5) [27].

Value Minimum ValueDimensionless Value=
Maximum Value Minimum Value

−
−

 (5) 
 

Next, each of the input parameters is presented as an 
element in the array X, as presented in equation (6).

{ }1 2 3, , ,..., nX x x x x=  (6) 
   

where each element is a vector of length m as presented in 
equation (7).
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Next the relationship between xi and xj is determined 
according to equation (8).
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This method determines the most and least effective 

parameters on the vertical strain. Fig. 15 presents the 
dependency of the vertical strain on the input parameters for 
the two models.

According to Fig. 15, for the sand-EPS model, the EPS 
content is the most significant and effective parameter among 
the input parameters, while relative density was the least 
influential parameter on the vertical strain. For the sand-TDA 
model, both TDA content and vertical pressure have the most 
effect on the outputs. Similar to the sand-EPS model, vertical 
strain has the least dependency on relative density.

5.CONCLUSION
In this study, one-dimensional oedometer tests were 

carried out on different mixtures of sand-EPS beads and sand-
TDA with varying contents of EPS and TDA. The increase 
in EPS or TDA content continuously increases the vertical 
compression of the samples in the studied range. Therefore, for 
practical purposes, the EPS or TDA content should be selected 
depending on the purpose of use for the mixtures, since they 
can provide different benefits including reduction of vertical 
and lateral stresses, improvement in drainage conditions 
and higher damping properties. The potential increased 
settlements that occur due to the lower stiffness of materials 
is an important factor in the ultimate decision and therefore, 
the optimum content of such materials would correspond to a 
content that provides the desired benefits while not lowering 
strength or increasing settlement to unsatisfactory values. To 
provide simple equations that can be beneficial in choosing 
the optimum content for design purposes, results of one-
dimensional oedometer tests on mixtures of sand-EPS beads 
and sand-TDA were used to develop EPR models that can 
predict the vertical strain of the mixtures for different levels 
of overburden pressure, relative density and unconventional 
material content. R2 values for the sand-EPS mixture model 
and the sand-TDA mixture model were determined to 
be 99.12% and 98.80%, respectively showing reasonable 
accuracy. Results of multivariate parametric studies carried 
out on the sand-EPS model showed that with the increase in 
EPS content, vertical strain increased. In addition, the rate of 
the increase in vertical strain with vertical pressure increased 
with the increase in EPS content. In addition, based on the 
results of multivariate parametric analysis conducted on the 
sand-TDA mixture, increase in relative density intensifies 
the effect of vertical pressure where the rate of the increase in 
vertical strain increases with the increase in vertical pressure. 
This rate is also higher at higher TDA contents. In addition, 
increasing the TDA content increases the rate of increase in 
vertical strain with vertical pressure. Results of the parametric 
studies showed that relative density had a more significant 
effect on the settlement of sand-TDA mixtures in comparison 
to sand-EPS. Results of sensitivity analyses on the sand-EPS 
model showed that the EPS content and relative density were 
the most and the least influential parameters on the settlement 
respectively. Results of sensitivity analysis on the sand-TDA 
model showed that despite the fact that both TDA content 
and vertical pressure are highly influential on the vertical 
strain of the mixtures. On the other hand, relative density had 
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the least significant effect on vertical strain. 
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