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A B S T R A C T  
 

 

A great deal of research has been conducted on the performance of granular columns under vertical 
loads. However, in some situations, the movement of the soil mass can lead to lateral deformations and, 

as a result, shear stresses in the soil and columns. The primary objective of the present study is to 

numerically investigate the shear performance of soft clay soil improved with a single Ordinary Granular 
Column (OGC) in the direct shear test using a hybrid Discrete Element-Finite Difference Method (DEM-

FDM). The numerical modeling method was first validated by simulating a direct shear test conducted 

previously on a soft clay-OGC composite in the laboratory. Afterward, an extensive parametric study 
was conducted to determine how various factors affect the shear strength of clay-OGC composites. 

According to the results, increasing the area replacement ratio from 15 to 35% can increase the peak 

shear strength of clay-OGC composites in the direct shear test by up to two times, depending on the level 
of applied normal stress. The micro-scale results also indicated that the surface roughness of soil particles 

in OGC has a greater effect on the shear strength of clay-OGC composites than their angularity. 

Furthermore, the results showed that the equivalent friction angle of clay-OGC composites should be 
calculated based on the residual friction angle of granular soil used in OGC. 

doi: 10.5829/ije.2024.37.09c.09 
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1. INTRODUCTION 
 
There are many infrastructure projects (railways, 

highways, etc.) constructed on sites with serious 

geotechnical concerns. As a result, ground improvement 

is of utmost importance in these projects. There are 

several techniques available to improve the ground, 

including preloading, compaction, rigid piles, granular 

columns, etc. (1).   

Granular columns have been used extensively to 

increase the bearing capacity of the soil under 

foundations and embankments, reduce total and 

differential settlement, speed up consolidation 

settlement, reduce the risk of liquefaction, and enhance 

slope stability. Typically, granular columns are used to 

increase load capacity and are subjected to vertical loads. 

For this reason, numerous studies have been conducted 

to better understand their behavior under vertical loads 

(2-6). However, in certain instances, the performance of 

granular columns under lateral loading is of special 

significance. An example would be granular columns 

used to maintain slope stability or below the toe of 

embankments.  

Compared to vertical loads, the behavior of granular 

columns under shear has received less attention in the 

past (7). A series of direct shear tests was conducted by 

Aslani, Nazariafshar (8) to investigate the shear behavior 

of granular columns in soft clay soils. Several factors 

were considered in this study, including the amount of 

applied stress, the area replacement ratio, as well as the 

type of material used in granular columns. Specifically, 

they demonstrated that area replacement ratios greater 

than 15% are associated with a significant rate of increase 

in shear strength. Murugesan and Rajagopal (9) 

performed several large-scale direct shear tests to 

compare the behavior of Ordinary Granular Columns 

(OGC) and Encased Granular Columns (EGC) under 

shear loading, finding that EGCs exhibit significantly 

higher shear resistance than OGCs. 

Numerical analyses have been widely employed to 

improve our understanding of the behavior of stone 

columns. Numerical methods based on continuum 

mechanics, such as Finite Element Method (FEM) and 

Finite Difference Method (FDM), have been extensively 

used to study stone columns previously (2, 10-13). 

However, due to the problems that these numerical 

methods have in modeling stone columns and their 

interaction with the surrounding soil, many researchers in 

the past have utilized combined DEM-FEM and DEM-

FDM methods (14-18). In these hybrid approaches, stone 

columns are modeled using DEM and the surrounding 

soil is modeled using FEM or FDM. 

The majority of numerical studies have been 

conducted on the behavior of stone columns under 

vertical loads; less attention has been paid to their 

performance under shear loads. For the purpose of 

understanding the shear load-bearing capacity of OGC 

and EGC granular columns, Mohapatra, Rajagopal (19) 

performed a series of 3D numerical simulations using 

FLAC3D software. The shear stresses mobilized within 

the granular columns of EGC were higher than those 

mobilized within the columns of OGC. Further, it was 

found that both circumferential and vertical tensile forces 

are mobilized within the geosynthetic encasement, which 

contributes to the increased shear strength of the granular 

column. 

A comprehensive review of past research revealed 

that no numerical study of the shear behavior of granular 

columns has been conducted using the combined DEM-

FDM method. Accordingly, the present study aims to 

numerically model the shear behavior of a single ordinary 

granular column used for improving soft clay in a large-

scale direct shear test using this hybrid method.  

The present study is structured as follows. Firstly, the 

micro parameters used in the modeling are calibrated by 

simulating a large-scale direct shear test that was 

previously performed by Aslani, Nazariafshar (8). Then, 

the impact of various parameters on the shear strength of 

the isolated granular column, at the macro scale, such as 

the level of applied stress, column diameter, and relative 

density of the granular column, and at the micro-scale, 

such as the roughness and shape of grains, is evaluated 

within the framework of an extensive parametric study. 

 

 

2. RESEARCH METHOD 
 
This section begins with a summary of DEM and DEM-

FDM formulations. A numerical methodology is then 

presented for modeling the shear behavior of a single 

granular column in soft clay soil during a Direct Shear 

Test (DST). In the following, micro parameters are 

calibrated based on the results of a laboratory DST test. 

Finally, a description of the program of DEM tests for 

parametric analysis is provided. 

 

2. 1. DEM Formulation and DEM-FDM Coupling          
The Discrete Element Method (DEM) is a numerical 

method for computing the motion and effect of particles. 

This method originated by Cundall and Strack (20) in 

geotechnical engineering. It is widely used nowadays for 

modeling and understanding soil behavior, particularly 

on a micro-scale. 

In the present study, simulations were conducted 

using the PFC3D software (21). The rolling resistance 

linear model was employed to calculate contact 

interactions. In this model, particle shape can be 

simulated to some extent by considering the rolling 

resistance between spherical particles. According to this 

model, the normal ( nF ) and shear (
sF ) contact forces, as 

well as the rolling moment (
rM ) between particles, are 
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calculated using Equations 1 to 3. 

n n nF k U n=  (1) 

,s s s s s nF F k U F F= +    (2) 

,r r r r r r nM M k M R F = +    (3) 

where n , 
nU , sU and 

r  represent respectively the 

branch vector, penetration depth, incremental tangential 

displacement and angular increment rotation between 

elements and R  is the contact effective radius (21). R is 

defined as: 

1 2

2 1 1

R R R
= +  (4) 

1R  and 
2R  represent the radii of the end (1) and end (2) 

of the contact, respectively. The 
nk , 

sk  and 
rk  are the 

normal, shear and rolling stiffnesses at contacts, 

respectively. Moreover, the   and 
r  are respectively 

the sliding and rolling friction coefficients at contacts. 

The 
sk  and 

rk  are computed from Equations 5 to 6, 

where v  is Poisson's ratio of grains assumed to be 0.20. 

The damping coefficient ranges from 0 to 1, which in the 

present study was presumed to be 0.1. 

( )2 1

2
s n

v
k k

v

−
=

−
 (5) 

2

r sk k R=  (6) 

PFC3D software can be used in conjunction with 

FLAC3D software to create a DEM-FDM coupling. To 

establish this coupling, interface facets are attached to the 

faces of the elements at the boundary between the 

continuous and discrete domains. These facets interact 

with the particles of the DEM environment and are 

moved by contact forces during the calculation process. 

The displacements are transferred to the boundary 

elements and the strains and stresses are updated in the 

FDM environment. Please refer to the PFC3D software 

manual (21) for more information on DEM formulations 

and DEM-FDM coupling. 

 
2. 2. Numerical Modelling Methodology       This 

subsection describes the details and assumptions used for 

the numerical modeling of the Direct Shear Test (DST) 

on a sample of soft clay soil enhanced with a single 

ordinary granular column (OGC). 

Figure 1 shows a three-dimensional view of half of 

the DST model.  The upper box consists of the top platen 

and four side platens, and the lower box contains the 

bottom platen and four side platens. The platens were 

modeled using rigid blocks (21). The top and bottom 

platens were assumed to have rough surfaces with a 

coefficient of friction of 1. However, it was presumed 

that the side platens surfaces would be smooth with a 

coefficient of friction of 0.2. These assumptions were 

considered previously by Yan and Ji (22). Moreover, It 

was assumed that the inner dimensions of the box would 

be 300×300×150 mm. The upper and lower boxes were 

separated by a 10 mm gap to allow the lower part of the 

model to move freely in relation to the upper part. A 

similar assumption was previously made by Potts, 

Dounias (23).  

The soft clay sample was considered to be a 

continuum medium following the Mohr-Coulomb 

constitutive model (FDM part). The mesh grid for the 

clay sample consisted of tetrahedral elements with an 

average dimension of 10 mm. A single OGC was 

constructed by embedding a cylindrical space with a 

diameter D in the middle of the clay sample and filling it 

with granular soil particles (DEM part). Figure 2 shows 

the particle size distribution (PSD) used for the OGC, 

which is similar to that used by Aslani, Nazariafshar (8) 

for their laboratory experiments. Particles were assumed 

to be spherical in shape. In accordance with the method 

proposed by Yunjia and Erxiang (24), employing 

artificial interparticle friction coefficients of 0 and 5 

during sample preparation, it was determined that the 

minimum and maximum void ratios were 0.527 and 

0.685 for the assumed PSD. 

Following are the steps involved in simulating the 

DST test on a clay sample improved with a single OGC. 

Initially, the test box and clay soil sample were 

constructed. Afterward, based on the volume of the OGC, 

the PSD curve and the relative density (Dr) required for 

 

 

 
Figure 1. Detailed view of half of the DST model in 

isometric perspective 
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the OGC, the required number of particles was 

calculated. These particles were generated within the 

hollow cylinder in the middle of the clay sample. In the 

next step, the Radius Expansion (RE) method (25) was 

used to prepare the granular column. During the RE 

phase, the coefficient of sliding friction between particles 

was artificially reduced such that the desired relative 

density was achieved at the end of specimen preparation. 

Moreover, the degrees of freedom of the platens and 

mesh nodes during the RE phase were fixed. 

After completing the sample preparation stage, all 

degrees of freedom of mesh nodes, as well as the vertical 

degrees of freedom of the top and bottom platens, were 

released. Particles were returned to their original sliding 

friction coefficients and rolling resistance was activated. 

The coefficient of friction between OGC and the 

surrounding clay soil was assumed to be equal to the 

coefficient of friction between OGC particles. After 

applying the required normal stress to the top and bottom 

platens, the computation steps were continued until 

equilibrium was achieved. Next, during the shearing 

stage, the bottom and lower side platens were released in 

the y direction, and a displacement of 3cm was applied to 

them gradually during 500,000 computational steps. All 

stages of the test were controlled to ensure that the Index 

of Unbalanced Force ( IUF ) remained less than 0.01, 

indicating quasi-static conditions for the sample (25). 

 
2. 3. Calibration of Micromaterial Parameters     
According to the DEM formulation (Section 2.1), three 

input parameters (
nk ,  , 

r ) are required for a DEM 

simulation. These parameters were calibrated based on an 

experimental DST on a soft clay sample improved by a 

single OGC, which was conducted previously by Aslani, 

Nazariafshar (8). 

The dimensions of the DST test box used in the 

laboratory experiment were almost the same as those 

shown in Figure 2. A granular column with a diameter of 

169 mm was used. The normal stress in the DST was 55 

kPa. It was reported that the friction angle and undrained 

 

 

 
Figure 2. Particle Size Distribution (PSD) of soil particles 

in the OGC 

cohesion of soft clay soil were 1o = and 11kPauc = , 

respectively.  

In the present study, the undrained modulus of 

elasticity for clay soil was assumed to be 1uE MPa= . 

The assumption was based on a chart proposed by 

Duncan and Buchignani (26). Accordingly, the ratio 

between elastic modulus and cohesion of normally 

consolidated clay soils in undrained conditions (
u uE c ) 

is expected to fall between 100 and 1500. Due to the very 

soft nature of the clay soil, this ratio was assumed to be 

approximately 100 in the present study. 

For most granular soils, the interparticle sliding 

friction coefficient ranges from 0.4 to 0.6, which was 

assumed to be 0.4 = . A historical match between 

numerical and experimental curves of shear stress in 

terms of horizontal displacement was used to determine 

the values of 
nk  and 

r . The value of 100nk kN m=  

was considered to match the initial slope of these curves 

at small shear strains (i.e., elastic regime). Assuming 

0.2r = , the numerical and laboratory shear stress 

values at the end of the test (i.e., the residual phase) were 

almost equal. The numerical and experimental curves of 

shear stress as a function of horizontal displacement are 

shown in Figure 3. As can be seen, there is a reasonable 

degree of compatibility between them. 

Figure 4 shows the maximum shear strain, 
max , 

contour in the clay sample and the Euler-angle,  , 

contour of the particles in the OGC. As can be seen, 

particles with high Euler angles and maximum shear 

strain are concentrated in the shear plane. 

 
2. 4. Numerical Tests Programm           A parametric 

study was designed to investigate the effect of various 

factors including the diameter of the OGC, D , relative 

density, 
rD , and sliding,  , and rolling, 

r , friction 

coefficients between particles of granular soil used in the 

OGC. The sliding and rolling friction coefficients reflect  

 

 

 
Figure 3. Comparison of numerical and experimental curves 

of shear stress versus horizontal displacement for the DST 

test 
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Figure 4. Maximum shear strain contour in clayey soil 

together with Euler-angle contour of particles in the OGC at 

the end of the test 

 
 

respectively the roughness of particles and the sphericity 

and angularity of their shape. An overview of the 

analyses performed and the entries associated with each 

analysis can be found in Table 1. 

The following points are important to note about 

Table 1. Each of the T1 to T17 models was subjected to 

three DST analyses with normal stresses of 50, 100, and 

200 kPa according to the methodology described in 

section 2.2 (a total of 51 analyses). In Table 1, 
rA  refers 

to the area replacement ratio, which is defined as the ratio 

of the area of the granular column to the area of the test 

box. It was determined that the artificial interparticle 

sliding friction coefficients during the RE phase were 0, 

0.04, and 0.1, respectively, to reach the relative densities 

of 100%, 80%, and 60%, respectively. In order to 

determine the peak and residual friction angles of the 

granular soils used in the OGC based on their initial 

relative density, 
rD , and micromaterial parameters,   

and 
r , a series of DST tests were performed. Based on 

those results, the peak, p , and residual, 
res , friction 

angles were calculated, which are stated in Table 1. The 

friction angle and undrained cohesion of soft clay soil 

were assumed 0 =  and 10kPauc = , respectively.  

 

 

3. RESULTS AND DISCUSSION 
 
This section begins with a discussion of the shear 

behavior of the reference model, model T1. It is then 

investigated how different parameters, such as the area 

replacement ratio, the relative density, the roughness, and 

the shape of soil particles used in OGC, affect the 

maximum shear strength of clay soil sample improved in 

the DST test with a single OGC. In the following, we 

examined the effect of the aforementioned parameters on  

TABLE 1. An overview of the analyses performed and their 

associated entries 

Model (mm)D  (%)
r

A  (%)
r

D    
r

  p
  

res
  

T1 to 

T3 

170, 

130, 

200 

25, 

15, 

35 

80 0.4 0.2 51 34 

T4 to 

T5 
170 25 

60, 

100 
0.4 0.2 

48, 

54 
34 

T6 to 

T11 
170 25 80 

0.1, 

0.2, 

0.3, 

0.5, 

0.6, 

0.8 

0.2 

30, 

41, 

47, 

53, 

55, 

58 

26, 

32, 

32, 

34, 

34, 

34 

T12 to 

T17 
170 25 80 0.4 

0, 

0.1, 

0.3, 

0.4, 

0.6, 

0.8 

38, 

46, 

54, 

56, 

58, 

59 

25,  

30,  

35,  

36,  

41,  

41 

 

 

the equivalent parameters for the shear strength of soft 

clay-single OGC composites. Additionally, equivalent 

parameters obtained from numerical analyses are 

compared with those obtained from analytical 

relationships. 

 
3. 1. Preliminary Investigation of Model T1           
Figure 5 shows the curves of shear stress in terms of 

horizontal displacement for the clay-OGC composite and 

clay at normal stresses of 50, 100 and 200 kPa in model 

T1. When the normal stress increases, the clay sample 

retains its maximum shear strength equal to its constant 

undrained cohesion, 10uc kPa=  kPa, since its internal 

friction angle is zero. However, when the normal stress 

is increased from 50 kPa to 200 kPa, the maximum shear 

strength of the clay-OGC composite increases from 21 to 

45 kPa (more than twice). 

In Figure 6, a plot of peak shear stresses versus 

normal stresses is shown for model T1, on which the 

Mohr-Coulomb failure line is fitted. The friction angle 

and cohesion of the clay-OGC composite were 

determined to be 9.1o and 13.6 kPa, respectively. 

Therefore, the combination of soft clay soil and a single 

OGC resulted in not only a significant improvement in 

friction angle from zero to 9.1, but also a noticeable 

increase in cohesion from 10 to 13.6 kPa. 

 
3. 2. Effect of Area Replacement Ratio           Figure 7 

illustrates the change in peak shear stress as a function of 

the are replacement ratio,
rA . When 

rA  is increased from 
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Figure 5. Curves of shear stress versus horizontal 

displacement for the clay-OGC composite and clay at 

normal stresses of 50, 100 and 200 kPa in the reference 

model 

 
 

 
Figure 6. The parameters of shear strength, friction angle 

and cohesion, for the clay-OGC composite in the reference 

model 

 
 
15 to 35%, the peak shear stresses for the normal stresses 

of 50, 100, and 200, respectively increase from 16 to 26 

kPa, about 60%, 21 to 39 kPa, about 85%, and 30 to 61 

kPa, about 100%. Accordingly, the slope of the increase 

in the maximum shear strength increases as the normal 

stress increases. 

 
3. 3. Effect of Relative Density of OGC          Figure 8 

illustrates the peak shear stress as a function of relative 

density at normal stress levels of 50, 100, and 200 kPa. 

 
 

 
Figure 7. Variations of peak shear stress versus area 

replacement ratio 

Increasing 
rD  from 60 to 100% results in an increase in 

peak shear stresses from 20 to 22 kPa, approximately 

10%, and from 30 to 32 kPa, approximately 7%, 

respectively. It is observed that the shear strength 

remains constant with an increase in 
rD  for a normal 

stress of 200 kPa.  As a result, with an increase in 
rD , 

the shear resistance of the clay-OGC composite is not 

affected much, and the percentage of changes decreases 

with an increase in normal stress. 

 
3. 4. Effect of Roughness of OGC Particles     The 

coefficient of sliding friction between particles,  , is a 

measure of particle surface roughness. A plot of peak 

shear stress versus   is shown in Figure 9. As   

increased from 0.1 to 0.8, the peak shear stresses for the 

normal stresses of 50, 100, and 200 kPa increased 

respectively from 14 to 23 kPa, about 65%, from 21 to 33 

kPa, about 57%, and from 31 to 50 kPa, about 61%. Thus, 

regardless of the normal stress, an increase in   from 

0.1 to 0.8 will result in an increase in peak shear stress of 

about 60%. Observe that the trend of increasing peak 

shear stress is not linear so that the slopes of the changes 

decrease with increasing  . 
 
3. 5. Effect of Shape of OGC Particles      The 

coefficient of rolling friction between particles, 
r , is a 

 
 

 
Figure 8. Variations of peak shear stress versus relative 

density 

 
 

 
Figure 9. Variations in peak shear stress with respect to 

interparticle sliding friction coefficient 
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measure of particle shape angularity. The peak shear 

stress increases with an increase in 
r  in a non-linear 

manner, similar to  . By increasing 
r  from 0 to 0.8, 

the peak shear stresses for normal stresses of 50, 100, and 

200 kPa rose from 16 to 24 kPa, approximately 50%, 

from 23 to 34 kPa, approximately 48%, and from 35 to 

52 kPa, approximately 48%, respectively. Therefore, 

regardless of the normal stress, it can be said that the peak 

shear stress increases by approximately 50% with an 

increase of 
r  from 0 to 0.8. The coefficient of rolling 

friction (angularity of the particle shape) appears to have 

less influence on the shear strength of clay-OGC 

composites than the coefficient of sliding friction 

(surface roughness of particles). 
 
3. 6. Equivalent Shear Strength Parameters            In 

general, the equivalent shear strength parameters (i.e., 

cohesion, c , and friction angle,  ) of a soft clay-OGC 

composite can be calculated using the area replacement 

method from Equations 7 and 8. 

(1 )r s r cA A  = + −  (7) 

(1 )r s r cc A c A c= + −  (8) 

where 
s  and 

c  refer to the friction angles of the OGC 

and clay, respectively, and 
sc  and 

cc  denote their 

cohesions. 

In order to calculate the shear strength equivalent 

parameters based on the above relationships, 0c =  and 

0sc =  were assumed. Moreover, 10kPac uc c= =  was 

taken into account. The equivalent friction angle was 

calculated once by assuming that the friction angle of the 

OGC is equal to the peak friction angle of the granular 

soil, s p = , and once by assuming that the friction 

angle of the OGC equals the residual friction angle of the 

granular soil, 
s res = . The values of p  and 

res  for the 

models are presented in Table 1. 

 

 

 
Figure 10. Variations in peak shear stress with respect to 

interparticle rolling friction coefficient 

The equivalent friction angle and cohesion obtained 

from the numerical analysis are termed 
Num  and Numc , 

respectively. They were obtained for each model from a 

fit similar to that shown for the reference model in Figure 

6. The equivalent cohesion calculated from the analytical 

Equation 8 is referred to as Analc . Additionally, the 

equivalent friction angles calculated from analytical 

Equation 7 with the assumptions of s p =  and 
s res =  

are referred to as Anal

p  and 
Anal

res , respectively. 

Figures 11 and 12 present the effects of 
rA , 

rD ,   

and 
r  on the equivalent friction angle and cohesion, 

respectively. As 
rA  increases from 15% to 35%, 

Num  

and Numc  increase respectively from 5.1o to 13.2o (more 

than double) and from 12 to 14.5 kPa (nearly 20%). With 

an increase in 
rD  from 60% to 80%, 

Num  decreases 

from 9.4o to 8.5o (about 10%), while Numc  increases from 

12.4 to 15.6 kPa (about 25%). When   increases from 

0.1 to 0.8, 
Num  and Numc  increase from 6.2o to 9.8o 

(approximately 60%) and from 9.2 to 15.3 kPa 

(approximately 66%), respectively. By increasing 
r  

from 0 to 0.8, 
Num  and Numc  increase from 7o to 10.4o 

(about 50%) and from 10.2 to 15.4 kPa (about 86%), 

respectively. 

Figures 11 and 12 illustrate also changes in equivalent 

friction angle and cohesion, Anal

p , 
Anal

res , and Analc , 

resulting from Equations 7 and 8. It can be seen that the 
Num  values are very closely matched with the 

Anal

res  

values. Therefore, it would be unconservative to 

calculate the equivalent friction angle using p  of 

granular soil. Additionally, a comparison of Numc  and 
Analc  values reveals that Numc  values are significantly 

higher. It is thereby conservative to calculate the 

equivalent cohesion using Equation 8. All models show 

that the equivalent cohesion obtained by the numerical 

analysis is greater than the undrained cohesion of clay 

soil. As a result of the obtained results, one can say that 

when calculating the equivalent friction angle for a clay-

OGC composite, the residual friction angle, 
res , of 

granular soil should be used rather than its peak friction 

angle, p , in Equation 7. Additionally, the undrained 

cohesion of clay soil, 
uc , can be used as an equivalent 

cohesion for the clay-OGC composite. 

 

 

4. SUMMARY AND CONCLUSION 
 

The present study investigated numerically the shear 

behavior of soft clay soil improved with one Ordinary 

Granular Column (OGC) in the Direct Shear Test (DST) 
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using a combined Discrete Element Method-Finite 

Difference Method, DEM-FDM. First, a brief description 

of the methodology and assumptions underlying 

numerical modeling was provided. By simulating a 

laboratory DST test, previously performed by Aslani, 

Nazariafshar (8), and comparing simulated and 

laboratory shear stress-horizontal displacement curves, 

the numerical modeling methodology was verified. 

Afterward, 51 DEM-FDM DST tests were conducted 

within the framework of a parametric study. We 

investigated the effect of various macro-scale factors on 

the shear strength of a soft clay-OGC composite in DST, 

including the area replacement ratio and the relative 

density of the granular soil. Furthermore, the effect of 

various micro-scale factors, including the coefficient of 

sliding and rolling friction between particles, which 

represent the roughness 

 

 

 
Figure 11. Effects of a) 

rA , b) 
rD , c)   and d) 

r  on 

Num , 
Anal

p , and 
Anal

res  

 
Figure 12. Effects of a) 
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and angularity of granular soil particles used in OGC, 

was investigated. Here are some of the most significant 

results of the present study: 
1) As the area replacement ratio increased from 15 to 

35%, the maximum shear strength of the clay-OGC 

composite increased by two times, depending on the 

level of normal stress applied. 

2) The maximum shear strength of the clay-OGC 

composite increased by 10% when the relative 

density of granular soil was increased from 60% to 

80%. 

3) By increasing the interparticle sliding friction 

coefficient from 0.1 to 0.8, the maximum shear 

strength of the clay-OGC composite rose by about 

60% regardless of the level of normal stress applied. 

Moreover, it increased by about 50% irrespective of 

the normal stress when the interparticle rolling 
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friction coefficient was increased from 0 to 0.8. 

Thus, it can be concluded that the surface roughness 

of granular soil particles used in OGC has a greater 

impact on the composite shear strength than their 

angularity. 

4) It was found that the equivalent friction angles 

calculated from the numerical analysis for the clay-

OGC composite were very similar to the ones 

determined by the area replacement method based 

on the residual friction angle of the granular soil. 

Furthermore, the equivalent cohesions obtained 

from the numerical analysis were greater than the 

undrained cohesion of clay soil. As a consequence, 

it may be recommended to determine the equivalent 

friction angle of clay-OGC composites by using the 

residual friction angle of granular soil and the area 

replacement method. Moreover, the undrained 

cohesion of clay soil can be considered as an 

equivalent cohesion for clay-OGC composites. 
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Persian Abstract 

 چکیده 
و    یجانب  یهاشکل   ر ییمنجر به تغ   تواندیحرکت توده خاک م  ط،یشرا  یانجام شده است. اما در برخ  یعمود  ی تحت بارها  یادانه  یهادر مورد عملکرد ستون   ی ادیز  قات یتحق

( در OGC)  یمعمول  یاستون دانه  کیبا    افته ینرم بهبود  یخاک رس  یعملکرد برش  یعدد   یمطالعه حاضر، بررس  یها شود. هدف اصلدر خاک و ستون  یبرش  یهاتنش   جهیدر نت

که   میبرش مستق   شیآزما  کی  یسازهیابتدا با شب  یعدد  یساز( است. روش مدلDEM-FDMتفاضل محدود )  -مجزا    یاجزا  یب ی با استفاده از روش ترک  میبرش مستق  شیآزما

چگونه عوامل مختلف    نکهی ا  نیی تع   یگسترده برا  ی مطالعه پارامتر  ک ی. پس از آن،  شد  سنجیصحتانجام شده بود    شگاه یدر آزما  OGC-خاک رس نرم  ت یکامپوز  کی  یقبلاً رو

  ی تواند حداکثر مقاومت برش  یدرصد م  35به    15سطح از    ینیگزینسبت جا  شیافزا  ج،یبه نتاانجام شد. باتوجه  گذارند،ی م  ریتأث  OGC-رس  یهاتیکامپوز  یبر استحکام برش

سطح    ینشان داد که زبر  نیهمچن  کرویم  اسیمق  جیدهد. نتا  شیبسته به سطح تنش نرمال اعمال شده تا دو برابر افزارا    میبرش مستق  شیادر آزم  OGC-رس  یها  تیکامپوز

اصطکاک    هینشان داد که زاو  جینتا  ن،یبودن شکل آنها دارد. علاوه بر ا  دارهینسبت به زاو  OGC-رس  یهات یکامپوز  یبر مقاومت برش  یشتریب  ریتأث  OGCدر  یاذرات خاک دانه

 محاسبه شود.  OGCمورد استفاده در  یاخاک دانه ماندهیاصطکاک باق هیبر اساس زاو دی با OGC-رس یها تیمعادل کامپوز
 

 
 

 
  


