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1. Introduction 
 

Geocells are special three-dimensional geosynthetics 

that have been widely applied in subgrade (Zhao et al. 

2023, Halder and Chakraborty 2020, Khorsandiardebili and 

Ghazavi 2021, Ardakani and Namaei 2021, Saride et al. 

2013, Biswas and Mittal 2017, Khalaj et al. 2015, Luo et al. 

2021, Luo et al. 2023), and unpaved roads (Yang et al. 

2013, Yang et al. 2012), owing to their excellent 

performance and cost-effectiveness. The vertical walls of 

geocells provide lateral confinement and enhance the 

stiffness and shear strength of granular infill material (Zhao 

et al. 2024a, Zhao et al. 2024b). This can be quantified as a 

drastic improvement in apparent cohesion (Bathurst and 

Karpurapu 1993, Altay et al. 2021, Tafreshi et al. 2018, 

Kumar et al. 2019), the most significant advantage 

compared with other planar geosynthetics. Hence, 

intuitively and sensually speaking, one believes that the 

anti-pullout load of geocell reinforcement in embankment 

stability is usually higher than in the case of geogrid or 

other 2D geosynthetics. The passive pressure provided by 

vertical walls is superior to the interface resistance between 

geogrid and adjacent soil. 

In practice, geosynthetics are widely used to reinforce  
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embankments, where the geosynthetics can provide the anti-

pullout effect to make the structure more stable (Latha 

2011, Saikia and Dash 2024, Wijerathna and 

Liyanapathirana 2020, Lu et al. 2020, Girout et al. 2018). 

For the 2D geosynthetics, many researchers conducted 

experimental and numerical methods to study the 

geosynthetics-soil interaction and pullout behavior 

(Derksen et al. 2021, Ren et al. 2022, Wang et al. 2016, 

Moraci and Recalcati 2006, Mosallanezhad et al. 2016, 

Karnamprabhakara and Balunaini 2021, Mirzaeifar et al. 

2022, Mukherjee et al. 2021, Pant and Ramana 2022).  

These studies proved the influence of various factors on 

the geogrid response under the pullout force, especially for 

the interface. The plane geosynthetics can resist the pullout 

load based on the transverse members, surface roughness, 

etc. However, few researchers pay attention to the pullout 

resistance of geocells. Khedkar and Mandal (2009), Isik and 

Gurbuz (2020), Isik et al. (2022), Han et al. (2013) 

conducted a series of tests to study the pullout behavior of 

geocell reinforcement in cohesionless soil. In these studies, 

geocells presented a square shape, where the length of the 

geocell pockets was perpendicular or parallel to the pullout 

direction. The walls along the longitudinal direction can 

provide the interface friction, while the walls along the 

transverse direction provide the passive resistance pressure. 

The users can separate the total pullout force into two parts 

(Isik and Gurbuz 2020). However, the placement form 

differs from the embedded geocell in site engineering. 

Namaei-kohal et al. (2022), Fakharian and Pilban (2021) 

adopted the diamond-shaped geocells to study the pullout 

behavior of geocell reinforcement. The effects of  
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Abstract.  This paper aims to explore the evolution of the pullout behavior of geocell reinforcement insights from three-

dimensional numerical studies. Initially, a developed model was validated with the model test results. The horizontal 

displacement of geocells and infill sand and the passive resistance transmission in the geocell layer were analyzed deeply to 

explore the evolution of geocell pullout behavior. The results reveal that the pullout behavior of geocell reinforcement is the 

pattern of progressive deformation. The geocell pockets are gradually mobilized to resist the pullout force. The vertical walls 

provide passive pressure, which is the main contributor to the pullout force. Hence, even if the frontal displacement (FD) is up to 

90m mm, only half of the pockets are mobilized. Furthermore, the parametric studies, orthogonal analysis, and the building of 

the predicted model were also carried out to quantitative the geocell pullout behavior. The weights of influencing factors were 

ranked. Ones can calculate the pullout force accurately by inputting the aspect ratio, geocell modulus, embedded length, frontal 

displacement, and normal stress. 
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improvements on load-deformation response, strength, and 

stiffness were investigated in the literature. The mechanism 

of load transmission was also deeply investigated by 

comparing it to the pullout behavior of geogrid 

reinforcement. These studies about the geocell pullout 

behavior almost discuss the load-deformation response, sum 

the improvement of geocells, and lack a vivid description of 

the evolution of pullout behavior. In addition, due to the 

limitation of experiments (too few experiments), these 

results can not show the effect of reinforced parameters on 

the resistance of geocell pullout.  

In this context, a study was carried out to explore the 

evolution of geocell pullout behavior based on the 

technology of numerical simulations. Primarily, the 

response of pullout force vs. frontal displacement (FD) was 

compared from the numerical and experimental results. 

Also, based on the validated model, the evolution and 

mechanism for geocell pullout behavior were derived. A 

series of parametric studies and a sensitivity analysis were 

conducted to study the tendency and degree of influence. In 

addition, a regression model was proposed to predict the 

pullout load by considering the aspect ratio, geocell 

modulus, embedded length, frontal displacement, and 

normal stress. 

 

 

2. Experimental background 
 

The pullout tests of geocell-reinforced sandy soil 

conducted by Fakharian and Pilban (2021) were cited to 

validate the numerical model (see Fig. 1). The dimensions 

of the pullout box were 0.6 m × 0.6 m ×1.2 m to eliminate 

the boundary effect. The inside reinforced soil kept the 

same length and width as the steel tank, while the height of 

soil thickness was 0.5 m to leave a 0.1 m space to provide a 

uniformly distributed normal stress. A medium density of 

45% was adopted to easily capture the peak strength and 

post-peak response. The friction between soil and 

longitudinal sides was reduced using the polyacrylic 

plexiglass plates. The geocell was set in the middle of the 

reinforced soil layer. The soil thickness above and beneath 

the geocell was 0.25 m. A sleeve (55 mm height and 200 

depth) was inserted on the front of geosynthetics to insert a 

clamp inside the box. A displacement-controlled frontal 

pullout force was induced at a rate of 1mm/min until one of  

 

Table 1 Experimental parameters of sand and geocell (cited 

from Fakharian and Pilban (2021)) 

Crushed silica sand  

Relative density, % 45 

Particle size, mm 
0.08~5 

D50=1.15 

Diamond geocells  

Polymer Polypropylene 

Size, mm 

Dimension=60 

Diameter=85 

Height=25 

Thickness, mm 1.5 

Ultimate tensile strength, kN/m 61.0 

 
 
the following was reached: a) tensile failure of 

reinforcement, b) pullout failure, or c) displacement reached 

92 mm. Also, only the conventional geocells, excluding the 

diagonally enhanced geocells, were simulated in this study. 

Table 1 presents the physical and mechanical parameters of 

sandy soil and geosynthetics. 
 
 

3. Numerical modeling 
 
In this study, the numerical simulations were carried out 

using finite difference software, Fast Lagrangian Analysis 

of Continua in Three Dimensions (FLAC3D). The full-

dimension numerical model was built as 0.6 m ×  0.5 m 

×1.2 m, in which the steel box was omitted to accelerate the 

calculation velocity. The null zones, representing the sleeve, 

were created to keep the same as the model test. Before 

conducting the numerical simulations, the sensitivity 

analysis had already been performed to eliminate the 

influence of mesh size on the numerical results. In this 

study, the pullout force was decreased with the increase of 

the mesh numbers, in which the calculated pullout force 

remains almost constant when the number of zones exceeds 

40000. Therefore, excluding the geocell model, the soil 

model was discretized into 409868 zones in this present 

study. Diamond-shaped geocell was simulated by the 

geogrid structural elements. The dimensions of the 

geosynthetics specimens are 425 mm in width and 720 mm 

in length. Plus, a single geocell pocket is 60 mm in 

dimension, 85 mm in diameter, and 25 mm in height. There  

 

Fig. 1 Schematic view of the longitudinal section of the pullout apparatus (modified from Fakharian and Pilban (2021)) 
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Fig. 2 The numerical model of the geocell pullout test in 

FLAC3D 

 

 

are two methods to build the geosynthetics model, i.e., 

using the built-in command flow and importing the 

geosynthetics geometry from the third-party software. The 

second one was adopted to build the geocell models in this 

study. For importing, readers can refer to the method 

proposed by Gedela and Karpurapu (2021) to build 

honeycomb-shaped and diamond-shaped geocells. 

Furthermore, some vertical geocell walls extended from the 

geocell junctions to connect the clamp and geocells. The 

numerical pullout model of geocell-reinforced sand is 

presented in Fig. 2. 

The Strain-Softening/Hardening model, instead of the 

Mohr-Coulomb model, was used to simulate the behavior of 

sand. The constitutive model allows the representation of 

nonlinear material softening or hardening behavior based on 

prescribed variations of the Mohr-Coulomb model 

properties (i.e., cohesion, friction, dilation, and tensile 

strength) as functions of the deviatoric plastic strain. It can 

be assumed that the total strain (𝜀) in the soil is purely 

elastic, i.e., 𝜀 = 𝜀𝑒 , up to the yield point and both elastic 

and plastic strains ( 𝜀 = 𝜀𝑒 + 𝜀𝑝 ) after the yield point. 

Compared to the Mohr-Coulomb model, the model can 

modify the shear strength parameters (cohesion, friction, 

and dilation) based on the accumulated plastic strain. The 

users can redefine these parameters as a piecewise linear 

function concerning the plastic shear strain in a tabular 

manner. Fig. 3 presents a detailed explanation of the Strain-

Softening/Hardening model. Furthermore, regarding 

geocells, the elastic constitutive model and Mohr-Coulomb 

failure criterion were used to simulate the geosynthetics and 

the interface of soil and geosynthetics. In this study, the 

numerical parameters were obtained by combaining these 

two ways: referring to the soil properties from the literature 

(Fakharian and Pilban 2021) and back-calculating to make 

the numerical results close to the experimental data. It is 

worth noting that although the Young modulus was not 

given in the literature (Fakharian and Pilban 2021) and this 

study adopted 15 MPa as its value, its value does not affect 

the numerical pullout results. Tables 2 and 3 showdetailed 

used parameters of sand and geocell. 

In the literature, Fakharian and Pilban (2021) used thin 

polyacrylic plexiglass plates to eliminate the friction  

 
(a) Stress-strain curve 

 
(b) Variation of 𝜑, 𝜓 with 𝜀𝑝 

 
(c) Piecewise linear variation of 𝜑, 𝜓 with 𝜀𝑝 

Fig. 3 Schematic representation of Strain-

Softening/Hardening model 

 

Table 2 Properties of soil and geocell in the validation 

modeling 

Parameters Value 

Sand  

Young modulus, 𝑀 (MPa) 15 

Poisson's ratio, ϑ 0.3 

Cohesion, 𝑐 (kPa) 0.0 

Friction, φ (°) See Table 3 

Dilation, Ψ (°) See Table 3 

Density, 𝜌 (kg/m3) 1900 

Geocells  

Young modulus, 𝑀𝑔 (MPa) 1000 

Poisson's ratio, ϑ 0.45 

Interface shear modulus 𝑘𝑖 (MPa/m) 2.3 

Interface cohesion, 𝑐𝑖 (kPa) 0.0 

Interface friction, φ𝑖 (°) 19.2 

Thickness of geocell, t (mm) 1.5 

 

 

between the soil and longitudinal box sides. For numerical 

modeling, only the normal direction of the lateral boundary 

was fixed to achieve it. The top boundary was set free to 

apply the normal stress to the model. In addition, the normal 

displacement of the boundary of the internal sleeve was also 

fixed to avoid the collapse of soils in null zones. The X- 
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Table 3 Variation of shear strength parameters with plastic 

strain 

Plastic strain, 𝜀𝑝 

(%) 
Sand 

 
Friction angle 

(°) 

Dilation angle 

(°) 

0 23.5 0.0 

0.25 28.0 0.0 

0.5 34.0 4.0 

0.75 35.5 5.5 

1.0 35.8 5.8 

2.0 36.0 6.0 

 

 

direction movement velocity of the geocell sheets clamped 

at the front end was set as -2.0e-6 m/steps to simulate the 

pullout behavior. A series of FISH codes were programmed 

to capture the unbalanced force in the X direction, 

representing the pullout forced in tests. Incremental steps of 

45000 were inputted to reach the target displacement of the 

clamp (frontal geocell sheets). 

 

 

4. Results and discussions 
 

4.1 Validation of numerical simulation results 
 
The variation of pullout force with frontal displacement 

(FD) is compared with the experimental results in Fig. 4. It 

can be seen that the FDM simulation results show a good 

agreement with the corresponding model test results. All 

data curves present the strain-hardening form. In Table 3, 

the friction angle and dilation angle increase with the plastic 

strain increase, representing that the stress-strain curve of 

unreinforced sand is the type of strain-hardening. Also, it is 

suitable for the characteristic of sand of medium density of 
45%. Nevertheless, the mechanical property of sand is not a 

critical factor. A crucial example to prove this viewpoint is 

that the peak value point occurs in the pullout force vs. FD 

curves of geogrid-reinforced soil (Fakharian and Pilban, 

2021). Also, the influenced areas and the mobilized geocell 

pockets are significant factors in determining whether the 

curves have a peak point. 

 
4.2 The horizontal displacement of infilled sand and 

geocells 
 

Han et al. (2013), Fakharian and Pilban (2021) analyzed 

the mechanism of geocell resisting the pullout behavior 

based on the experimental results. These presented 

explanations only account for their studies; further, the 

mechanism needs more intuitive results to prove it. In this 

section, the contours of horizontal displacement of infilled 

sand (see Fig. 5) and geocells (see Fig. 6) with the increase 

of FD under the normal stress of 23 kPa are shown to 

perfect and verify the mechanism. The integral pullout 

process is divided into six stages according to the 15 mm 

interval of FD. All contours and data are extracted at the 

plane of elevation of 250 mm, which is the middle plane of  

 
Fig. 4 The variation of pullout force with the frontal 

displacement of geocell reinforcement 

 

 

the numerical model. Due to the similar results of various 

normal stress, the contours corresponding to other results 

are not presented in this study. 
In FLAC3D, the normal stiffness modulus between 

geogrid elements and contacted soil is set to infinity by 

default. Hence, the two synergistically deformed in the area 

of element nodes. From Figs. 5 and 6, geocells' pullout 

behavior presents progressive development instead of all 

cell pockets being mobilized to resist the pullout force. For 

the initial stage (see Fig. 5 (a) and Fig. 6), large deformation 

occurs in the soil locating the frontal side, and about one-

third of cell pockets and sand along the X direction are 

driven, indicating that only a small number of cells 

contribute to the pullout resistance. The contours show the 

form of sunken. With the increase in FD, in Figs. 5(b)-5(f) 

and Fig. 6, only a few geocells continue to be mobilized, 

which take up about one-half of geocells at most. Although 

the contour of 1 mm is almost parallel to the boundary, all 

contours greater than 2 mm also present a sunken form. It 

indicates that geocells are not deformed side by side in the 

pullout behavior. The geocells in the middle part are less 

deformed due to the interaction of the honeycomb structure, 

while the geocells on both sides are subjected to less 

interaction and deform more. Moreover, all contours in Fig. 

5 and the data in Fig. 6 show that the increased influenced 

area does not change much; however, the horizontal 

displacement of mobilized geocells and infilled sand 

increases proportionally. Due to the vertical walls and 

honeycomb-shaped cells, very few pullout forces can be 

transferred to the end of the embedded geocells. The 

geocells in the influenced area carry the main pullout force 

and undergo large deformation. 

 
4.3 Passive resistance transmission 
 
The pullout resistance is composed of two: the shear 

resistance developed at the interface between the geocell-

reinforced layer and unreinforced soil and the anchorage 

resistance induced by the passive pressure in the geocell 

pockets (Fakharian and Pilban 2021, Isik and Gurbuz 2020,  
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(a) The coordinate of geocells in the numerical model 

 
(b) X-direction displacement of geocell nodes 

Fig. 6 The X-direction displacement of geocells nodes 

during the pullout process 

 

 

Isik et al. 2022). The interface resistance is the main 

contributor of pullout resistance to the two-dimensional 

geosynthetics (geogrids and geotextiles), while passive  

 

 
Fig. 7 Response of lateral pressure during the pullout 

process 

 

 

resistance induced by vertical walls is it for geocells. 

Hence, in this section, the variation of passive pressure, 

represented by XX stress, with geocells location under the 

normal stress 23 kPa is illustrated in Fig. 7. Geocells are 

divided into eight columns along the length direction, as 

shown in Fig. 6, in which each column includes five geocell 

pockets. The xx pressure of the center position of each 

pocket was monitored in the numerical analysis. Plus, the 

average values of five pockets were determined to represent 

the passive resistance of geocells in each column. 

From Fig. 7, the average XX stress of the geocells in the 

first column is less than the value of the second column, 

where the frontal sand was not restricted, causing it.  

 
Fig. 5 Contours of X-direction deformation of sandy soil in the middle of geocell reinforced layer: (a) FD of 15 mm, (b) 

FD of 30 mm, (c) FD of 45 mm, (d) FD of 60 mm, (e) FD of 75 mm and (f) FD of 90 mm 
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Fig. 8 Deformation patterns of diamond-shaped geocells 

(modified from Han et al. (2013)) 
 

 

Perhaps much sand was squeezed out in the sleeve during 

the pullout tests. In addition, geocells in the one to four 

columns are mobilized with the pullout process, which is 

similar to the law shown in section 4.2. The passive 

resistance of geocells decreases dramatically starting in the 

third column, indicating that the geocells in the front of the 

fourth column are the main contributor to the pullout 

resistance. The mechanism of load transmission and 

deformation patterns in Fig. 8 can account for the pullout 

behavior. The geocells in the first column start to deform 

and provide the pullout resistance, and until the geocells in 

the first column reach the residual state, the geocells in the 

second and third columns deform and provide resistance. 

This response to pullout behavior can be defined as the 

pattern of progressive deformation. 

 

 

5. Factors affecting the pullout force of geocell 
reinforcement 

 

This section discusses the effect of various geocell 

properties and pullout displacement, which could affect the 

pullout behavior of geocell reinforced sand, with the help of 

the validated numerical model. The key parameters are 

studied, including geocell modulus, aspect ratio, interface 

friction, reinforced length, and pullout displacement. 

According to the baseline model illustrated in Fig. 2, 

Table 2, and Table 3, the modulus of the geocell was 

changed from 500 MPa to 4.0 Gpa. The variation of pullout 

force with geocell modulus under different normal stress 

and FD are plotted in Fig. 9(a). The pullout force increases 

with the increase of geocell modulus; however, the slope of 

curves decreases gradually. As the geocell modulus 

increases, the higher confining pressure and passive 

pressure will be exerted on the infilled soil under the same 

FD, which benefits to increase in the pullout force. 

In this study, the diameter of cell pockets was changed 

to represent different aspect ratios (geocell height/diameter 

of cell pockets). As mentioned in Section 3, Fig. 2 and Fig. 

6, the dimensions of the geocell specimens are 425 mm in 

width and 720 mm in length. There are five cell pockets 

along the width direction. Hence, in this study, the width of 

the geocell layer is constant, and the number of cell pockets 

in the width direction is changed to three, five, eight, 

eleven, and fourteen. The corresponding aspect ratios are 

0.22, 037, 0.59, 0.81, and 1.03, respectively. Fig. 9(b) 

shows the variation of pullout force with the aspect ratio of 

geocells. It can be concluded that the pullout force increases 

linearly as the aspect ratio increases. The geocells with a 

small aspect ratio can provide more confining and passive 

pressure to resist the pullout behavior. 
Many manufacturing techniques, such as embossing or 

perforating, could add surface roughness, which supplies 
more friction between soil and geocells. In this section, the 
interface friction is changed to investigate its influence on 
the pullout force. In the baseline model, the interface 
friction is estimated by multiplying the tangent of the 
friction angle with a discount factor of 0.8. Hence, different 
interface friction values are selected as 0.5, 0.6, 0.7, 0.8, 
and 0.9 in this section, as shown in Fig. 9(c). It is observed 
that the interface friction affects the pullout force little. The 
pullout force shows little change with the increase in 
interface friction, suggesting that the friction between soil 
and geocell is not the main contributor, and the passive 
force is. Users can not level up the pullout resistance by 
improving the roughness of the geocell surface. 

Sections 4.2 and 4.3 show that, for the baseline model, 
all geocell pockets are not mobilized even FD to 90 mm. 
The embedded length and FD significantly influence the 
pullout force. As shown in Fig. 9(d), the pullout force 
almost remains constant in subsequent when the embedded 
length is up to about 0.38 m. This conclusion corresponds to 
the law in sections 4.2 and 4.3. Even if the FD is 90 mm, 
the influenced area accounts for about half of the geocell 
mattress along the length direction. In addition, although the 
FD is up to 270 mm, as illustrated in Fig. 9(e), three times 
the FD of the baseline model, there is no peak value in the 
curve of pullout force vs. FD. It indicates that the pullout 
load has not transferred to the end of the geocell. Different 
from the two-dimensional geosynthetics, the vertical walls 
can provide more passive pressure, which benefits to 
improve the pullout resistance but hind the load 
transmission 

 
 

6. Sensitivity analysis and predicted model 
 

6.1 Sensitivity analysis based on the orthogonal 
design 

 

Section 5 discusses some parameters and their influence 

on pullout behavior. The degree of influence can not be 

determined. Hence, the orthogonal design was used in this 

section to order the parameters to provide some references  
to choose the optimum geocells. Four parameters were 
considered, i.e., geocell modulus, aspect ratio, a discount 
factor of interface friction (DFIF), and embedded length. 
Each parameter includes three levels. Therefore, the 
orthogonal table L18.3.6 (see Table 4) is used for analysis, 
where the pullout force at FD of 90 mm under the normal 
pressure of 23 kPa is as the evaluation index (𝑦𝑖), The result 
of the extreme difference analysis is also listed in this Table.  
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𝑦𝑚𝑛 is the sum of the 𝑦𝑖  corresponding to the n level of the 

m parameter. 𝑦𝑚𝑛 is the average value of 𝑦𝑚𝑛. Moreover, 𝑅𝑗 

is the difference value of max[𝑦𝑗1, 𝑦𝑗2, 𝑦𝑗3]  and 

min [𝑦𝑗1, 𝑦𝑗2, 𝑦𝑗3]. Based on this value, the weights of the 

four influencing factors are ranked as embedded length, 

aspect ratio, geocell modulus, and interface friction. 

 

 

6.2 Predicted model 
 

The aspect ratio (R), geocell modulus (M), embedded 

length (L), frontal displacement (D), and normal stress (N) 

are taken into consideration to develop a predicted model. 

In practice, there is no specific factor to represent the 

  
(a) Different geocell modulus (b) Different aspect ratio 

  

(c) Different discount factors of interface (d) Different embedded lengths of geocell 

 
(e) Different frontal displacement 

Fig. 9 Pullout force VS frontal displacement curves 
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Table 4 Orthogonal Table L18.3.6 

No. 

Geocell 

modulus 

(GPa) 

Aspect 

ratio 
DFIF 

embedded 

length 
  𝑦𝑖 

1 0.5 0.37 0.6 0.125 1 1 3.61 

2 0.5 0.37 0.7 0.21 3 3 6.78 

3 0.5 0.59 0.6 0.38 3 2 10.12 

4 0.5 0.59 0.8 0.125 2 3 4.95 

5 0.5 0.81 0.7 0.38 2 1 11.90 

6 0.5 0.81 0.8 0.21 1 2 10.40 

7 1 0.37 0.6 0.38 2 3 8.46 

8 1 0.37 0.8 0.125 3 2 4.03 

9 1 0.59 0.7 0.21 2 2 9.51 

10 1 0.59 0.8 0.38 1 1 11.19 

11 1 0.81 0.6 0.21 3 1 10.84 

12 1 0.81 0.7 0.125 1 3 6.27 

13 2 0.37 0.7 0.38 1 2 9.43 

14 2 0.37 0.8 0.21 2 1 8.40 

15 2 0.59 0.6 0.21 1 3 9.94 

16 2 0.59 0.7 0.125 3 1 5.22 

17 2 0.81 0.6 0.125 2 2 6.39 

18 2 0.81 0.8 0.38 3 3 15.60 

𝑦𝑗1 47.76 40.71 49.36 30.47 50.84 51.16  

𝑦𝑗2 50.30 50.92 49.11 55.87 49.61 49.88  

𝑦𝑗3 54.98 61.40 54.56 66.69 52.59 52.00  

𝑦𝑗1 7.96 6.78 8.23 5.08 8.47 8.53  

𝑦𝑗2 8.38 8.49 8.19 9.31 8.27 8.31  

𝑦𝑗3 9.16 10.23 9.09 11.12 8.76 8.67  

𝑅𝑗 1.20 3.45 0.91 6.04 0.50 0.35  

 

 

surface roughness. Also, the above analysis proves that it 

little influences the pullout force (F). Hence, this parameter 

is not included in this model. The predicted equation can be 

expressed simply as 

𝐹 = 𝑓(𝑅, 𝑀, 𝐿, 𝐷, 𝑁) (1) 

According to the data from Fig. 9, the following 

predicted equation between the dependent and independent 

variables is proposed to predict the pullout force. Compared 

with the other predicted models, it shows a significant 

relationship between independent and dependent variables 

and reflects the extent to which multiple independent 

variables affect a dependent variable. In addition, the 

regression equation is simple, making it easy to generalize. 

[𝑀𝛼 + 𝑅𝛽 + 𝐿𝜃 + 𝐿𝑔(𝐷)] ∗ 𝑁𝜔 = 𝐹 

Where R, M, L, D, and N are the independents as the 

unit of dimensionless, GPa, m, m, and kPa, respectively. F 

is the dependent variable as the unit of kN/m. 𝛼, 𝛽, 𝜃, and 𝜔 

are the dimensionless constants. The values of these 

constants obtained through multiple regression analyses are 

as follows: 

 
Fig. 10 Comparison results between the predicted values 

and data of parametric studies 

 

 
Fig. 11 Comparison results between the predicted values 

and data of orthogonal design 

 

 

𝛼 = 0.12756, 𝛽 = 1.37754, 𝜃 = 0.41211, 𝜔 = 0.59444 

The coefficient of correlation between the predicted and 

calculation values of F is found to be 0.90, as illustrated in 

Fig. 10, which indicates that the proposed regression 

equation can predict the pullout force of geocell-reinforced 

sand. Moreover, the data in Fig. 9 results from the single-

factor analysis, which can not represent all reinforced cases. 

The orthogonal analysis, shown in section 6.1, only uses 

limited cases to represent almost all cases. Hence, the data 

in section 6.1 is also used to validate the proposed model, 

which can check the model's suitability for all reinforced 

cases. Although only the pullout force at the FD of 90 mm 

is listed in Table 4, the values at the FD of 30 mm, 60 mm, 

and 90 mm are used to verify this model. Fig. 11 illustrates 

the comparison between numerical results and predicted 

results. Some points inside the red box can not be predicted 

accurately. The authors check this point carefully and find 

that these points almost belong to the case where the aspect 

ratio is 0.81 and the embedded length is 0.125 

simultaneously. To take the opinions above, the proposed 

model can predict the pullout force of geocell reinforcement 
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well. However, due to the diamond-shaped geocell being 

used in this study, the suitability of honeycomb-shaped 

geocells still needs a deep study to validate. 

 
 
7. Conclusions 
 

In this paper, after validating against the model test 
results, the pullout behavior evolution of geocell 
reinforcement was investigated through numerical 
technologies. Some contours and curves benefit readers in 
understanding the mechanism and load transfer path deeply. 
Further, parametric studies and sensitivity analyses were 
conducted to explore the tendency and degree of influence.  

A regression model was proposed to predict the pullout 
force, where the comparison data validate the prediction 
accuracy. The conclusions and limitations of this study can 
be drawn as follows: 
a) The Strain-Softening/Hardening model, where users 

could define the variation of friction and dilation with 

the plastic strain, was used to simulate the behavior of 

medium-density sand. Moreover, a series of FISH 

codes were programmed to capture the unbalanced 

force of nodes in the X direction, representing the 

pullout force. The comparison results illustrate that the 

numerical model can well simulate the pullout 

behavior of geocell reinforcement. 

b) The response to the pullout behavior of geocell 

reinforcement can be defined as the pattern of 

progressive deformation. The results of horizontal 

displacement of infill sand and geocell nodes and 

passive resistance transmission prove that the geocell 

pockets are mobilized gradually to resist the pullout 

force. Hence, the main contributor is the passive 

resistance of vertical walls, not the interface resistance 

between the geocell-reinforced and unreinforced 

layers. Even if the FD is 90 mm, the pullout load has 

not transferred to the end of the geocell layer. About 

half of the geocell pockets are mobilized in this case.  
c) Except for the interface roughness of the geocell, the 

geocell modulus, aspect ratio, embedded length, and 
FD are beneficial to the pullout resistance of geocell 
reinforcement. In addition, the weights of influencing 
factors are ranked as embedded length, aspect ratio, 
geocell modulus, and interface friction. 

d) A regression model was proposed in this study to 
predict the pullout load of geocell reinforcement. The 
aspect ratio, geocell modulus, embedded length, 
frontal displacement, and normal stress are considered 
in this model. Users can determine the pullout force 
based on these parameters. Some comparisons were 
concluded and showed the accuracy of the predicted 
model. 
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