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1. Introduction 

In recent years, pavement construction in India has reached a record speed of 30 km per day (MORTH, 2019). 

Hence with evolving times, the appropriate pavement design with available construction material for cost efficiency 

without compromising the quality of the work to attain its required strength and durability is a stupendous task as a 

designer. The major failure in the flexible pavement is due to the differential settlement and bearing capacity failure of 

the embankment layer (Bathurst and Jarrett, 1988; Latha et al., 2001; Dash et al., 2004; Mengelt et al., 2006; Han et al., 

2013; Rajagopal et al., 2014; Hegde, 2017; Mamatha and Dinesh, 2017; Shrirao and Bhosale, 2021). Above mentioned 

failures may be avoided by increasing the thickness of subsequent pavement layers or reinforcing base/subbase layers 

with geosynthetic (Giroud and Han, 2004; Tingle and Jersey, 2007; Han et al., 2010; Ingle and Bhosale, 2017; Pokharel 

et al., 2018;). The flexible pavement layer reinforced with geosynthetic is widely adopted because of its cost-effective 

and easy-to-install characteristics (Emersleben and Meyer, 2010; Hegde and Sitharam, 2014; Saride et al., 2015; Khan 

et al., 2020). Different types of geosynthetics available in the market are geotextiles, geogrids, geonets, geocells, 

Abstract: Vertical pressure from vehicles on pavement reinforced with geocell develops radial and hoop stresses 

on geocell walls. Thin-walled cylinder theory is used to estimate the strain induced in geocell by some researchers. 

It is observed that thin-walled cylinder theory significantly overestimates induced strain when compared with 

experimental values. This paper presents non-accounted effect of lateral resistance mobilized due to geocell infill 

soil in computing strain by thin-walled cylinder theory. It is observed that computed strain values using thin-walled 

cylinder theory accounting lateral resistance match well with experimental results reported in literature. Equivalent 

thickness (teq) of geocell is then back-calculated by matching the experimental strain values with computed strain 

values using thin-walled cylinder theory accounting lateral resistance. As the thickness of geocell increases in the 

form of teq, thick-walled cylinder theory is also studied to analyze the strain induced in the geocell. Combined 

analysis is then carried out by modifying thick-walled cylinder theory equations using teq derived from thin-walled 

cylinder theory, and new factor named merging factor (M.F.) is introduced.  Results of thick-walled cylinder theory 
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geofoams, etc. These geosynthetics are made of novel polymeric alloys, polyethylene, polypropylene, polyester, etc. 

Due to its unique 3-dimensional shape, the geocell is preferable reinforcement over soft subgrade (Kief et al., 2015; 

Pokharel et al., 2011; Yang et al., 2012).  

Many researchers in the past have evaluated the performance of geocell by considering various aspects such as 

different infill materials, aspect ratio, material fabrics, surface deformation, load-carrying capacity, etc. (Biswas et al., 

2013; Biswas et al., 2016; Dash et al., 2001, 2003, 2007; Mandal and Gupta, 1994, Song et al., 2018, Venkateswarlu 

and Hegde, 2019, Gedela and Rajagopal, 2021). Hegde and Sitharam, (2014) developed the analytical model using the 

thin-walled cylinder theory to predict the strain induced in the geocell by different infill materials and found an 

overestimation of the experimental results of instrumented geocells. Also, the same thin-walled cylinder theory is used 

to compute the strain induced in single, 9, and 25 geocells considering the experimental data of Emersleben and Meyer, 

(2010). The observed strain values using the thin-walled cylinder theory overestimated the experimental strain values 

of Emersleben and Meyer, (2010). Hence in this paper, the reasons for the overestimation are studied and presented. 

 

2.  Method of Analysis 

Hegde and Sitharam, (2014) have neglected the influence of lateral resistance on the geocell due to the surrounding 

soil, which led to the overestimation of strains computed by the thin-walled cylinder theory. Hence, the lateral 

resistance is evaluated and there after computed strains are compared with the experimental results of Hegde and 

Sitharam, (2014) and Emersleben and Meyer, (2010). After accounting lateral resistance, the results match the 

experimental results at different lateral resistance percentages for different infill materials as well as for the different 

numbers of geocell. Using the strain curves obtained after accounting for lateral resistance, thickness t is back-

calculated for each case using the trend line equation; this thickness is termed the equivalent thickness (teq) of the 

geocell. As the thickness of geocell increases in the form of teq, the thick-walled cylinder theory is also studied to 

compute the strain induced in the geocell. However, these results are far different from experimental results. 

Therefore, the combined analysis is then carried out by modifying thick-walled cylinder theory equations using teq 

derived from thin-walled cylinder theory. From the combined analysis, the term merging factor (M.F.) is introduced. 

This M.F establishes the relationship between the thin and thick-walled cylinder theories. The properties of the geocell 

used by several researchers during the study are given in Table 1.  

Table 1 - Material Properties of Geocell 

Parameter 

Researchers 

Hegde and Sitharam, 

(2014)  

Emersleben and 

Meyer, (2010) 

Thakur et al. (2012) Yang et al. (2012) 

Thickness, t (mm) 1.53 1.5 1.1 1.5 

Equivalent Diameter, d 

(m) 

0.258 0.258 0.29 0.28 

Poisson’s Ratio, µ 0.45 0.45 0.45 0.45 

Modulus of Elasticity, 

E (MPa) 

275 300 355 200 

Polymer Polyethylene High-Density 

Polyethylene 

Novel Polymeric 

Alloy 

Novel Polymeric 

Alloy 

 

3.  Analysis of Geocell Strain Through Thin-Walled Cylinder Theory 

The thin-walled cylinder theory (Shigley, 2011) is studied in many engineering applications such as pipes, LPG 

cylinders, storage tanks, etc., where the wall of the cylinder is subjected to internal pressure. The geocells are assessed 

using thin-walled cylindrical theory equations for the determination of strain-induced in the geocell wall because the 

thickness of the geocells is approximately 1.5 mm, which is significantly less than the diameter of the geocell and 

resembles the cylindrical shape. In thin-walled cylinder theory, the wall is subjected to internal stresses, and due to its 

inherent properties, the tensile tangential stresses are experienced by the wall of the geocell, commonly known as hoop 

stress, and the resultant developed strain is known as the hoop strain.  

By equilibrium of forces, the equation of hoop stress is as follows: 

 

                                                    (1) 

 

Where, = Hoop Stress (kPa); P = Horizontal Pressure (kPa) = ka x q; ka = Coefficient of Active Pressure, q = 

Applied Footing Pressure (kPa); d = Diameter of Geocell (m); t = Thickness of Geocell (mm) 

Hoop strain is the strain developed in the circumferential direction attributed to the radial stress distribution in geocell. 

The equation of hoop strain by thin-walled cylinder theory, using the principle of superposition, is as follows: 
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(2-µ)                                         (2) 

 

Where,  = Hoop Strain;  = Poisson’s Ratio;  = Modulus of Elasticity (MPa) 

Hegde and Sitharam, (2014) used the thin-walled cylinder theory to analyze the stresses and strain in geocells. 

Since the results of the strain-induced in geocell with different infill materials overestimated the experimental results of 

instrumented geocell, the lateral resistance is considered in the percentage of total horizontal pressure in the hoop stress 

equations. Thus Eq. 1 becomes 

                                             (3) 

 

Where Pn = Percentage of Total Horizontal Pressure P 

When lateral resistance is considered, the results at various resistance percentages for different infill materials are 

consistent with the experimental results. The teq of the geocell is determined for each case by back-calculating thickness 

using the strain curves obtained after taking corresponding lateral resistance into account.  

Further, the strain is again computed using hoop stress and hoop strain equations by replacing thickness with a teq 

of geocell as follows: 

                                                    (4) 

(2-µ)                                      (5) 

 

3.1 Effect of Angle of Internal Friction (φ) on Strain 

The effect of the change in φ of infill soil on the strain induced in geocell is studied with reference to the 

experimental results of Hegde and Sitharam, (2014). The experimental strains induced in the geocell from the study by 

Hegde and Sitharam, (2014) for infill soil having φ of 28°, 35°, and 40° are examined, and it is observed that the 

computed strains matched with the experimental strains by taking the lateral resistance into account at 10%, 25%, and 

50%, respectively as shown in fig 1. Further, the experimental strains from Hegde and Sitharam's (2014) study are 

analyzed with the computed strains after considering teq using the thin-walled cylinder theory. The computed strains by 

considering teq 1.79mm, 2.28mm, and 3.15mm match well with the experimental strains of Hegde and Sitharam, 

(2014) for infill soil having φ of 28°, 35°and 40°, respectively. By considering the lateral resistance and the teq of the 

geocell, fig. 1 depicts the plotted curves for the strains induced in the geocell compared to the computed strains using 

the thin-walled cylinder theory. 

 

 

Fig. 1 - Computed values of strain-induced in geocell using thin-walled cylinder theory for infill soil of 

various φ by accounting percentage lateral resistance and teq 
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3.2 Validation of Modified Thin-walled Cylinder Theory 

In accordance with the proposed equation of the thin cylinder theory for 50% lateral resistance, the average strains 

measured during cyclic loadings on the 15 cm and 30 cm-thick geocell-reinforced bases of Thakur et al., (2012) exhibit 

satisfactory agreement with a standard deviation of 0.08 and 0.1, respectively as shown in fig. 2. 

 

Fig. 2 - Validation of computed values of strain-induced in geocell using  

thin-walled cylinder theory for infill φ of 40° 

Fig. 2 also shows the adequate matching of the experimental strain observed by Yang et al., (2010) with the 

proposed equation of thin cylinder theory for 50% lateral resistance within the standard deviation of range 0.04 to 0.11. 

 

3.3 Effect of Number of Geocell on Strain  

 Emersleben and Meyer, (2010) studied the strain in geocell for single, 9, and 25 geocells infilled with the soil 

having a φ of 38.9°. The experimental values of the strain-induced in geocell decrease as the number of geocells 

increases from 1 to 25. The computed strains using lateral resistance of 10%, 25%, and 50% also match experimental 

strains for single, 9, and 25 geocell, respectively. It is also observed that the strains computed by considering the teq 

values 2.77mm, 3.57mm, and 4.34mm for 1, 9, and 25 geocell, respectively, show a satisfactory match with the 

variance between experimental and computed values o f  less than 10% (see fig. 3). 

 

Fig. 3 - Computed values of strain-induced in geocell using thin-walled cylinder theory 

for single, 9, and 25 geocells 

But it is observed that the computed values match only up to less than 200 kPa of applied vertical pressure, for 

which strain induced in geocell is 15% to 27% of failure strain (i.e., 5%) (Han et al., 2008) in geocell. After which, the 
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computed values are lesser and underestimate the experimental values. This might be due to linearity in the thin-walled 

cylinder theory equations. Also, the results depict that the increase in the number of geocells from 9 to 25 has only a 

marginal impact on strain induced in geocell. 

 

4. Analysis of Geocell Strain Through Thick-Walled Cylinder Theory 

The results from the thin-walled cylinder analysis show the increased teq of the geocell. Hence, the authors 

proposed to use a thick-walled cylinder theory (Shigley, 2011) to compute the strain induced in the geocell. During 

computation, the thickness of the geocell wall is assumed as the radius of the geocell, which is 125 mm. In thick-walled 

cylindrical theory, the prominent stresses experienced by the geocell are radial stresses and hoop stresses, which can be 

calculated using the following equations: 

 

 –                      (6) 

                                             (7) 

 

Where,  = Radial Stress;  = Hoop Ptress; P
i = Inner Pressure; P

0 
= Outer Pressure; r

i 
= Inner Radius; r

0 
= 

Outer Radius; r  = Radius at which strain is calculated. 

The total resultant strain experienced by the geocell is the sum of the strain induced due to hoop stress and radial stress. 

The equations for calculating hoop strain, radial strain, and total resultant strain are as follows: 

                         (8) 

                         (9) 

                                                      (10) 

Where,  = Radial Strain;  = Hoop Strain; = Total Resultant Strain 

The comparison of computed strains with experimental strain values of Hegde and Sitharam, (2014) and 

Emersleben and Meyer (2009) is depicted in fig. 4. The experimental results Hegde and Sitharam, (2014) show that 

strain induced in geocell decreases as the φ of soil increases. Also, Emersleben and Meyer’s (2009) study illustrates the 

reduction in strains with an increase in the number of geocell (i.e., from 1 to 25). The computed strains by taking the 

geocell wall thickness as its radius are minimal, which considerably underestimate the experimental strains observed in 

both studies (Hegde and Sitharam, 2014; Emersleben and Meyer, 2009). 

 

 
(a) 
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(b) 

 

Fig. 4 - Analysis of thick-walled cylinder theory equations for the computation of strain with both (a) Hegde 

and Sitharam, (2014) and (b) Emersleben and Meyer, (2009) 

Further, the estimated strain values decrease and undervalue the experimental strains as the thickness of the geocell 

wall increases with the number of adjacent cells. Hence it could be said that as the thickness of the geocell increases, 

the strain observed in the geocell decreases. Therefore, the thick cylinder theory cannot help to predict strain-induced in 

geocell under the presumptions in place. Thus the combined analysis is carried out to calculate the strains using the 

thick-walled cylinder theory. 

 

Combined Analysis of Thin and Thick-walled Cylinder Theory 

The combined analysis is performed by equating the strains obtained from thin-walled cylinder theory considering 

teq, with the total resultant strains obtained from thick-walled cylinder theory to compute the net horizontal stress on the 

geocell wall. The thick cylinder theory equations are solved to derive the net horizontal pressure equation by keeping 

the pressure and radius values unknown. The equation of net horizontal pressure is as follows: 

                                                                  (11) 

The combined analysis results are plotted in Fig. 5, the values of strain induced in geocell by thin cylinder theory 

are plotted against the applied vertical pressure on the x and y-axis, respectively. Further, the computed values of net 

horizontal pressure from eq. 11 are plotted on the secondary y-axis. The merging factor is determined for infill soil with 

a φ of 28°, 35°and 40° and also, to the varying number of geocells, i.e., single, 9, and 25 geocell. The combined 

analysis results depict that as the φ of infill soil increases, the M.F. increases, whereas M.F. decreases marginally as the 

number of geocells increases. The combined analysis is summarized in Table 2. 

 

 
(a) 
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(b) 

 
(c)  

 
(d) 

 
(e) 
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(f) 

Fig. 5 - Combined analysis of thin thick-walled cylinder theories for infill soil having φ = 28° (a), 35° (b), 40° 

(c), and single (d), 9 (e) and 25 (f) geocells 

Table 2 - Summary of Combined Analysis 

Parameters 
Researchers 

(Hegde and Sitharam, 2014) (Emersleben and Meyer, 2010) 

φ of infill soil 28° 35° 40° 38.9° 

Number of geocells 1 1 1 1 9 25 

% Lateral Resistance 10 % 25 % 50 % 10 % 25 % 50 % 

teq 1.79 mm 2.28 mm 3.15 mm 2.77 mm 3.57 mm 4.34 mm 

teq /tactual 1.19 1.52 2.03 1.63 2.1 2.55 

M.F. 3.42 4.83 6.24 5.47 4.98 4.76 

Estimated compared 

to 

failure strain 

26.8 % 24.16 % 15.84 % 20.13 % 16.64 % 15.78 % 

The M.F derives the relationship between the thin-walled cylinder theory and the thick-walled cylinder theory. 

Also, it is observed that the M.F. depends upon the φ of infill soil rather than the number of surrounding geocell. Fig. 6 

established the relation between the φ of infill soil and M.F. The results in fig. 6 indicate a decrease in M.F. with the 

reduction in the φ of infill soil. The φ at which the M.F. of the infill soil is zero is predicted with an extended trend line 

at 13.20°, beyond which the M.F. tends to be negative, which has no practical relevance. Also, the graph of the non-

dimensional thickness parameter (teq/tactual) against the φ of infill soil for a single geocell is plotted in fig. 7. The results 

show that as the φ of infill soil increases, the non-dimensional thickness parameter also increases. Hence, the φ of infill 

soil in the geocell significantly impacts the lateral resistance experienced by the geocell subjected to loading.  
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Fig. 6 - Effect of φ of infill soil on M.F. 

 

Fig. 7 - Effect of φ of infill soil on non-dimensional thickness parameter  

Fig. 8 shows the effect of the number of geocells on the M.F. The results depict that the M.F. curve becomes 

asymptotic after 9 geocells; hence it can be said that the geocell beyond two surrounding layers may have a marginal 

contribution to the lateral resistance developed. 

 

Fig. 8 - Effect of the number of geocells on the M.F. 

5.    Concluding Remarks 

 This paper presented the thin as well as thick-walled cylinder theory to estimate the strain in geocell for different 

infill materials. Based on the study following conclusions are drawn. 
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1. The overestimation of strain induced in geocell by thin-walled cylinder theory compared to the experimental 

results of (Hegde and Sitharam, 2014) is attributed to the non-account of lateral resistance offered by the 

surrounding soil. 

2. The computed strain in a geocell of teq by the thin-walled cylinder theory matches well with the experimental 

results of Hegde and Sitharam, (2014), while for Emersleben and Meyer, (2010), the computed strains 

satisfactory match up to 16 to 29 % of the failure strains in the geocell. 

3. To validate the thin-walled cylinder theory, the authors compare the experimental strain values of Thakur et 

al., (2012) and Yang et al., (2008) with the computed strains using thin-walled cylinder theory equations for 50 

% lateral resistance. Here it is found that the average strains measured during cyclic loadings on the 15 cm and 

30 cm-thick geocell-reinforced bases of Thakur et al., (2012) exhibit satisfactory agreement with a standard 

deviation of 0.08 and 0.1, respectively. Also, the experimental strains recorded by Yang et al., (2010) 

correspond well with the computed strains within the standard deviation of range 0.04 to 0.11. 

4. The teq is directly proportional to the φ of infill soil and the surrounding number of geocell. 

5. The thick-walled cylinder theory is also studied for the increased in the thickness of geocell in the form of teq. 

However, the strains computed by the thick-walled cylinder theory for single or multi-geocell do not match the 

experimental strains. The M.F. is then introduced from combined analysis to establish the relation between 

thin and thick-walled cylinder theories. 

6. For practical relevance, the M.F. will be applicable for soil having φ > 13.20°. 

7. The geocell beyond two adjacent layers might have made a small contribution to the lateral resistance formed. 

Therefore, the M.F. is barely influenced by geocell when it extends beyond two adjacent layers. As a result, 

the M.F. only depends on the infill soil. 
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Notations 

teq   Equivalent Thickness (mm) 

M.F.  Merging Factor 

φ   Angle of Internal Friction (º) 

 
Hoop Stress (kPa) 

P   Horizontal Pressure (kPa) 

ka  Coefficient of active Pressure 

q   Applied footing Pressure (kPa) 

d  Diameter of Geocell (m) 

t  Thickness of Geocell (mm) 

   Poisson’s Ratio 

   Modulus of Elasticity (MPa) 

Pn   Percentage of Total Horizontal Pressure P 

𝜎
r  Radial Stress (kPa) 

𝜎
h
  Hoop Stress (kPa) 

P
i  Inner Pressure (kPa) 

P
0 
  Outer Pressure (kPa) 

r
i 
 Inner Radius (m) 

r
0
  Outer Radius (m) 

r   Radius at which strain is calculated (m) 

  Radial Strain (%) 

  Hoop Strain (%) 

 
Total Resultant Strain (%) 
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