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ABSTRACT 10 

Geocell panels are honeycomb-like systems used to provide earth 11 

reinforcement. Strips of perforated high-density polyethylene sheets, also 12 

known as cell-walls, are welded together at locations known as junctions. The 13 

cell-wall and junctions are designed to support and transfer tensile and shear 14 

loads and the integrity of these is essential for the appropriate performance of 15 

geocells in practice. Nevertheless, there is no standardized test procedure to 16 

assess the strength of the cell-wall or junction, and limited research has been 17 

undertaken regarding the failure mechanisms of geocell panels when subjected 18 

to various loading scenarios. This paper aims to examine the responses of 19 

geocell junctions and cell-walls under various loading conditions. An extensive 20 

testing program was undertaken to assess the geocell junctions, which included 21 

uniaxial tensile, shear, peeling and splitting strength tests. The uniaxial tensile 22 

strength, trapezoidal tearing strength, and creep tests were carried out on the 23 

geocell walls. A ductility ratio was developed to measure the rapidness of failure 24 
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under different short-term loading scenarios for both the cell-wall and junction. 25 

This paper presents the observed failure patterns and an evaluation of the 26 

implications of the practical uses of geocells.  27 

 28 

Keywords: Geosynthetics, geocell, cell-wall, junction, failure mechanisms 29 

 30 

1. INTRODUCTION 31 

Geocells have long proved effective in a wide range of geotechnical 32 

applications, such as earth retention, erosion control and roadways (Ngo et al., 33 

2015; Song et al., 2017; Tanyu et al., 2013; Zhang et al., 2010). Most of today’s 34 

commercial geocell products are comprised of three components: cell walls, 35 

junctions, and perforations (Figure 1). The cell walls are integrated by welding 36 

to form a honeycomb-like panel, to provide confinement for infill materials, such 37 

as sands and gravels. Geocells are supplied in a collapsed form and are 38 

outstretched on-site and anchored in place. The panel size and the cell space 39 

can be varied as part of the manufacturing process to suit individual 40 

requirements. The cell walls are commonly perforated to enhance drainage, to 41 

facilitate root growth between cells and to provide interlocking with coarse infills. 42 

 43 

Geocells are typically subjected to gravity loads from the infill materials on steep 44 

slopes or channels (Wu and Austin, 1992). On a slope, as shown in Figure 2(a–45 

c), both geocell junctions and cell-walls are subjected to soil action from all 46 

directions. In such scenarios, geocells can withstand high tearing, tensile and 47 

shear stresses in both the cell-wall and the welded junctions to prevent cell-wall 48 
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rupture and separation of the junctions. In addition, similar loading conditions are 49 

common in other load-bearing structures such as pavement and railway track . 50 

Past studies (Dash and Shivadas, 2012; Hegde and Sitharam, 2015a; Hegde and 51 

Sitharam, 2015b; Liu et al., 2018; Shadmand et al., 2018; Suku et al., 2016; 52 

Tanyu et al., 2013; Venkateswarlu et al., 2018) have extensively evaluated the 53 

performance of geocell while very limited studies have reported on the response 54 

of geocell. Leshchinsky and Ling (2013) experimentally examined the 55 

performance of Novel Polymetric Alloy (NPA) geocell-reinforced ballast 56 

embankment under monotonic and cyclic loading conditions in which the geocell 57 

layer sustained cosmetic damage with slight bending at the top and bottom of the 58 

geocell; no tearing or rupture was found on the cell-wall and at the junction. Yang 59 

et al. (2012) observed junction failure when placing NPA geocell in the sand base 60 

layer of a pilot-scale unpaved road. Under cyclic traffic loading, the geocell layer 61 

experienced the loading scenario illustrated in Figure 2 (b) which resulted in 62 

splitting the welded junction. Similar failure mode was observed by Pokharel et 63 

al. (2010) who monotonically loaded a single unconfined NPA geocell.  64 

 65 

The geocell junctions are critical features that support and transfer high loads. 66 

As a result, the junctions are situated in locations that are most vulnerable to 67 

damage and may result in unbalanced load transfer or even the failure of entire 68 

geocell panels (ASTM, 1993). Failure of the geocell junctions takes three forms: 69 

shear, where one strip is displaced longitudinally relative to the adjacent strip; 70 

peel, where one strip is displaced laterally; and tension, where two of the four 71 

strips at a junction are pulled relative to the other two and are perpendicular to 72 
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the junction. However, there is a lack of standardized testing methods for 73 

geocells and a lack of detailed investigations into their failure mechanisms. 74 

According to the manufacturers’ product specifications, the current testing 75 

method performed on geocells is limited to seam strength tests, as specified by 76 

ASTM (1993), which examines the weld strength by applying a uniaxial tensile 77 

force. A 200 mm long specimen, cut from a geocell panel, is secured in the jaws 78 

of a tensile testing apparatus and a tensile strain of 50 mm/min is applied 79 

continuously until the specimen fails. Consequently, design uncertainties and 80 

unforeseen failure patterns have impeded the application of geocell in some 81 

engineering fields, such as railway engineering.  ASTM (1993) suggested that 82 

additional failure mechanisms could occur in cell-walls and junctions, and 83 

corresponding testing procedures are desired. However, these tests have not 84 

been implemented to date to assess the performance of contemporary geocell 85 

products. 86 

 87 

There is also no established testing standard for assessing the integrity of cell-88 

walls. Traditional testing methods for plastic materials may be adopted, but 89 

these are limited to short-term, uniaxial tensile strength tests. The potential 90 

failure mechanism that is likely to occur at the top or bottom edge of the geocell, 91 

as shown in Figure 2(a), has yet to be established. This type of failure occurs in 92 

the transition zone of embankment crests and slopes, where the geocell wall is 93 

subjected to a combination of flexure and tension. Where such damage occurs, 94 

the strength of the geocell wall is significantly compromised and subsequent soil 95 

movement can potentially result in global failure of the earth-reinforced 96 
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embankment. Therefore, it is essential that the failure mechanisms of cell-walls, 97 

and their corresponding strength under tensile and flexural stresses, are 98 

investigated. In addition, permanent deformation has long been a concern in the 99 

use of geosynthetics in a variety of geotechnical applications (Becker and 100 

Nunes, 2015; Sawicki, 1998; Thakur et al., 2013). However, the long-term, 101 

creep behavior of geocell wall has yet to be assessed under tensile loading 102 

conditions.  103 

 104 

This study incorporates a laboratory testing program to examine the failure 105 

mechanisms of geocell walls and junctions. In accordance with the likely failure 106 

modes discussed above, uniaxial tensile strength, trapezoidal tearing strength 107 

and creep tests were designed and conducted on cell-walls. Four tests, which 108 

reflect the loading conditions in practical use, were conducted on welded 109 

geocell junctions. The testing program included uniaxial tensile, shear, seam 110 

and peeling strength tests. To study the responses of geocells under various 111 

loading conditions, the stress-strain behaviors were measured along with the 112 

stiffness and peak and residual strengths. Different failure characteristics were 113 

observed from each test and were subsequently analyzed to derive the factors 114 

that affect geocell performance. Finally, this paper establishes and standardizes 115 

new testing procedures that will enable geocell manufacturers to measure and 116 

enhance the quality of existing geocell products, thereby increasing the 117 

reliability of geocell-reinforced systems. 118 

 119 
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2. EXPERIMENTAL PROGRAM 120 

This section summarizes the tests involved in the program. Detailed specimen 121 

dimensions, testing procedures, and laboratory procedures are discussed. 122 

 123 

2.1 Material 124 

The experimental program was conducted on a perforated and textured 125 

commercial geocell product with a cell wall height of 100 mm. Each cell has a 126 

nominal opening area of 287 x 320 mm. The material specifications are 127 

obtained from the product brochure of a geocell manufacturer, the geocell 128 

section was fabricated using strips of high-density polyethylene (HDPE) sheet, 129 

with a density of 0.95 g/cm3, determined in accordance with ASTM D1505 130 

(ASTM, 2010). The geocell material incorporates carbon black for ultraviolet 131 

stabilization. The content by weight of carbon black is between 1.5% to 2%, 132 

which is homogeneously distributed throughout the material. The strips are 133 

textured (rhomboidal indentations), with a thickness of 1.52 mm (±0.15), in 134 

order to increase the friction at the interface with the infill material. The 135 

indentations are distributed at a surface density of 22−31 units per cm2. The cell 136 

walls are perforated to enhance drainage and interlocking with the infill material. 137 

The cell-wall perforation proportion is 16.8% (±1%). Individual cells are 138 

connected using full-depth, ultrasonic spot-welds and aligned perpendicular to 139 

the longitudinal axis of the strip. Figure 3 presents the details of the geocell 140 

junction. The length of the weld melt-point is approximately 10 mm, with a 141 

spacing of 5 mm and an average width of 3 mm. 142 

 143 
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The typical stress-displacement relationship of HDPE, when loaded in uniaxial 144 

tension, is shown in Figure 4. It should be noted that this study adopts the 145 

conventional engineering stress calculation, which assumes that the stress and 146 

strain are distributed uniformly throughout the cross-section. There are two 147 

primary reasons for using this traditional approach. Firstly, most manufacturers 148 

use engineering stress to evaluate the strength and performance of their 149 

products. Secondly, it facilitates the comparison of the test measurements with 150 

the manufacturers’ product specifications. As can be seen in Figure 4, the 151 

stress-displacement relationship typically exhibits three stages: A, B, and C. 152 

Stage A covers the elastic, post-yielding regions, and the peak tensile strength. 153 

It is followed by a post-peak softening stage (Zone B), where the specimen 154 

decreases in strength with only slight elongation. Subsequently, the load 155 

plateaus with continuous elongation, reflected by the specimen slightly gaining 156 

strength (Zone C). 157 

 158 

2.2 Testing Procedures 159 

Detailed testing procedures and configurations of each test are described in this 160 

section. It should be noted that all tests were performed using an Instron tensile 161 

machine at a temperature of 25º ± 5% and relative humidity of 50% ± 5%, to 162 

ensure that environmental effects were excluded.  163 

 164 

2.2.1 Cell-wall: Tensile strength test 165 

Uniaxial tensile strength tests were conducted on the plain area of the cell-wall in 166 

accordance with ASTM D638 (ASTM, 2004). The prepared specimens and 167 
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testing details are shown in Figure 5. The gauge length of the specimens was 168 

107 mm with a total of 58 mm gripping areas at both ends. The narrow section, 169 

where elongation occurs, was 13 mm in width. The purpose of conducting tensile 170 

strength tests on the cell-wall was to establish a reference against which the 171 

performance of the geocell junctions could be evaluated. The loading ranges of 172 

the Instron machine were set to 1,000 N in order to achieve optimal testing 173 

resolution. Once the specimen was clamped in place, the tensile force was 174 

applied by the displacement-controlled mechanism, at a rate of 50 mm/min. The 175 

elongation process continued until the specimen failed. 176 

 177 

2.2.2 Cell-wall: Trapezoidal tearing strength test 178 

Trapezoidal tearing strength tests were conducted on the cell-walls to evaluate 179 

the strength and failure mechanisms when edge damage occurs. The test was 180 

configured against ASTM (1996). Five identical specimens were prepared for 181 

this test; 75 mm high, 200 mm wide and 2 mm thick. Two white lines were 182 

marked on the specimen to indicate the locations of the edges of the custom-183 

made clamps used to fix securely the specimen. The vertical spacing between 184 

the two lines was 50 mm on the left-hand side and 100 mm on the right-hand 185 

side. The cut was made at the center of the left-hand side of the specimen to 186 

mimic the damage induced by an in-operation tearing. The clamps were 187 

positioned diagonally so that the specimen could be torn apart from the left-188 

hand side (i.e. the cut). The spacing between the two custom-made clamps was 189 

300 mm prior to the start of the testing. As specified by ASTM (1996), in order 190 
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to apply the tensile load, the Instron machine was set to displace at a fixed rate 191 

of 50 mm/min. 192 

 193 

2.2.3 Cell-wall: Creep test 194 

The design of the specimen was guided by ASTM (2016). The specimen sizes 195 

were slightly altered to suit the available geocell product and the bespoke 196 

loading apparatus. As shown in Figure 6, the specimen was 100 mm high and 197 

200 mm wide, with a grip distance of 35 mm to ensure slipping did not occur 198 

during long-term loading. There were of a total 42, 10 mm diameter perforations 199 

in the specimen, accounting for 16.8% of the entire surface area of an individual 200 

cell-wall. These perforations reduce the strength of a cell-wall. Therefore, this 201 

particular location was chosen to be tested as it is the most vulnerable to 202 

external actions. 203 

 204 

Figure 7 shows the rig used to perform the creep test. In order to maximize grip, 205 

the specimen was secured by a pair of clamps with screws penetrating the short 206 

edges. A linear variable differential transformer (LVDT) was installed on the face 207 

of the specimen to measure the strain rate of a fixed point, in the centerline of 208 

the specimen, and to obtain the specimen’s elongation. The measurement is 209 

achieved by attaching a string to the lower clamp to transfer the differential 210 

movement between the upper and lower clamps to the LVDT and its associated 211 

recording device. 212 

 213 
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A total of five geocell specimens were tested for creep test, with different 214 

applied loads. The loads adopted were 60%, 65%, 70%, 80% and 90% of the 215 

ultimate tensile strength previously tested, which were calculated to be 0.49, 216 

0.54, 0.58, 0.67, 0.75 kN, respectively. The specimens loaded at 0.67 kN (80%) 217 

and 0.75 kN (90%) loads ruptured at 50 mins and 30 mins, respectively, and 218 

therefore, these results are not presented in the study due to the short load 219 

application periods. The remaining specimens were loaded for up to 2 weeks 220 

(around 300 hours), as a consequence of other demands on the laboratory. 221 

After the 2-week loading phase, contraction in the longitudinal direction was 222 

also measured by the LVDTs, due to the high elasticity of the geocell material 223 

(HDPE). Although unloading is less likely to occur once a geocell is buried 224 

beneath the ground, the extent of contraction provides an insight into the post-225 

loading behavior of geocells when cyclic loading is considered. 226 

 227 

For each specimen, after approximately the 2-week loading period, the applied 228 

load was released from the specimen in a single operation. The LVDTs 229 

continued recording the displacements of three geocell specimens during and 230 

after unloading, to assess the shrinkage ratio. The shrinkage ratio is defined as 231 

the reduction in geocell height (mm) divided by the maximum elongation (mm) 232 

of each specimen (perpendicular to the height), at the cessation of the creep 233 

load application. Data acquisition was terminated once zero displacement was 234 

recorded by the LVDTs. 235 

 236 
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2.2.4 Junction: Tensile, shear, seam and split strength tests 237 

Four types of test were conducted at the geocell junctions: direct tensile, shear, 238 

seam and split strength tests. The experimental configurations were designed in 239 

reference to ASTM (1993), with modifications to the specimen dimensions and 240 

setup. Since there is no standardized method available for these tests on 241 

geocell products, several specimens had to be prepared for each test for trial 242 

purposes. This enabled calibration of the dimensions of the specimens and the 243 

clamping system, to ensure that the forces were applied directly to the junction 244 

while providing sufficient interlock between the clamp and the geocell strips to 245 

prevent slippage and premature failure. At end of the trials, 40 mm was found to 246 

be the most secure length for gripping the specimens. The distances between 247 

the clamp tips were determined to be 10.5 mm for the tensile and shear 248 

strength tests, and 30 mm for the seam and split strength tests. These 249 

distances ensure that no pre-load was applied to the specimen prior to the 250 

commencement of actual testing. The specimens used in all tests were initially 251 

cut to the correct dimensions for the tensile and split strength tests. Then, the 252 

specimens for the shear strength and seam strength tests were trimmed to their 253 

final dimensions. The schematic drawings in Figure 8 show the loading scenario 254 

and the detailed configuration, including the clamping distance and clamp 255 

spacing. The corresponding laboratory setups are shown in Figure 9. These 256 

loading schemes mimic the three failure forms (shear, peel, and split) of the 257 

junctions, and examine their uniaxial tensile strength. The junction thicknesses 258 

of all specimens are summarized in Table 1. Each measurement was obtained 259 

at three locations along the specimen: top, bottom and middle, and average 260 
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values were measured. Five replicates were initially prepared for each test. In 261 

case the results indicated clear discrepancies, additional specimens were 262 

tested, to facilitate a high level of consistency. The specimen designations for 263 

the junction and cell-wall tests are summarized in Table 2. 264 

 265 

3. RESULTS AND DISCUSSION 266 

This section summarizes the results of the testing program conducted on 267 

geocell walls and junctions. The results are presented in terms of engineering 268 

stress/axial force versus elongation, rather than stress-strain due to complexity 269 

resulting from different loading forms. Specifically, the stress-elongation 270 

relationship cannot be obtained for the cell-wall trapezoidal tearing strength test 271 

and the stress-strain relationship cannot be obtained for the junction split test. 272 

Implications of the results are discussed in relation to the practical 273 

implementations of geocells in geotechnical applications. 274 

 275 

3.1 Cell-Wall: Uniaxial tensile strength 276 

The plot of axial stress versus elongation of the cell-walls subjected to uniaxial 277 

tension is shown in Figure 10. The axial stress is calculated as the tensile load 278 

divided by the initial cross-sectional area of the specimen (19.5 mm2). As can 279 

be seen in Figure 10, the initial ascending portion of all curves exhibited similar 280 

tendencies before reaching their corresponding peak tensile stresses at 281 

approximately 10 mm elongation. The tensile strengths of all specimens were 282 

very consistent; ranging from a minimum of 13.34 MPa to a maximum of 14.2 283 

MPa. However, there were significant differences in the post-peak behavior 284 
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among the five specimens tested, as a result of different failure modes. It can 285 

be seen that specimens 1, 2 and 4 did not exhibit the typical behavior of HDPE 286 

(Figure 4). These specimens failed relatively suddenly when compared to 287 

specimens 3 and 5. 288 

 289 

Photographs taken during the tests were able to capture the different elongation 290 

modes, as shown in Figure 11. Although the loading rates of the specimens 291 

were identical (50 mm/min), specimens 1, 2 and 4 fractured at elongations 292 

approximately half of those exhibited by specimens 3 and 5. It can also be seen 293 

that the two subsets of specimens experienced different failure mechanisms. 294 

The failure of the specimen 3 in Figure 11(a) initiated from the right-hand-side 295 

edge, then propagated towards the center (as indicated by the red arrows) and 296 

the rupture point was at the left-hand-side edge. Whereas, specimen 5, in 297 

Figure 11(b), elongated vertically and exhibited significant elongation. In 298 

addition, the photographs of the failed specimens are shown in Figure 11(c) and 299 

(d). The post-failure forms of the 5 specimens exhibit good agreement with the 300 

corresponding stress-elongation relationship. For specimens 1, 2 and 4, the 301 

rupture surfaces (highlighted by red-dashed lines) are much sharper with little 302 

elongation, whereas specimens 3 and 5 failed more gradually. 303 

 304 

It is worth mentioning that all specimens were treated with great care such that 305 

no damage was induced during the preparation stage. All specimens were 306 

extracted from the same location from different cell-walls and cut to the same 307 

sizes with the aid of a digital caliper (i.e. the thickness and width of each 308 
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specimen were measured at three locations along the narrow section, and the 309 

variation in size was maintained within a tight tolerance of ±1%). Therefore, the 310 

different failure patterns can be attributed to the material itself, and most likely 311 

to the indented surface. Inconsistent distribution of ingredients throughout the 312 

material can result in variations in brittleness (e.g. less elongation indicates 313 

higher brittleness). As specified by the manufacturers, the tolerance of the 314 

depth of indentation is ±0.15 mm, which is ±9.8% of the designated thickness 315 

(1.52 mm). According to Meuller (2007), the surface structure of HDPE 316 

composite influence its post-yielding behavior; more rapid failure can occur at 317 

locations of stress concentration due to surface structural features, such as 318 

notches. For geocells, the deeper indentations acted as the equivalent of 319 

notches, which facilitated a brittle failure mode. This phenomenon is in 320 

agreement with previous studies (Choi et al., 2009; Meuller, 2007; Pan et al., 321 

2017). 322 

 323 

3.2 Cell-Wall: Trapezoidal tearing strength 324 

According to ASTM (1996), the trapezoidal tearing strength is defined as the 325 

axial force versus the elongation of the cell-wall under tearing force. The test 326 

results are provided in Figure 12. In the pre-peak region, all specimens 327 

exhibited linear behavior. The recorded peak tearing strengths ranged from 5.02 328 

MPa to 6.22 MPa. The post-peak behavior for all specimens exhibited similar 329 

and step-like functions. Post-peak, the axial force decreased due to the 330 

fracturing of the geocell section between two perforations. Subsequently, the 331 

applied tensile force was sustained by the adjacent geocell sections where the 332 
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hardening was observed on the plot. This process repeated until the specimen 333 

fully ruptured. While no significant difference was observed in the tearing 334 

strength of the five specimens, there was a noticeable difference in the 335 

elongations, ranging from 157.2 mm to 222.9 mm. These differences can be 336 

partially attributed to the inconsistencies in the specimen, such as the spacing 337 

between perforations and the edge-to-perforation distances, as shown in Figure 338 

13(a) and (b), respectively. It should be noted that cell-wall specimens A and B 339 

were randomly selected from a geocell panel and prepared to identical 340 

dimensions. In the photographs, the perforations shown are from the same cell-341 

wall locations in specimens A and B and the distances/spacing were measured 342 

using a digital caliper and it is evident that slight, but nevertheless meaningful, 343 

variations exist between the two specimens. As the specimens fail in a 344 

progressive manner, the perforation spacing and edge-to-perforation distance 345 

have an important effect on the elongation (e.g. larger spacing resulted in 346 

higher elongations).  347 

 348 

The cell-wall specimens failed in a progressive manner, where the material 349 

between two adjacent perforations ruptured sequentially, as shown in Figure 350 

14(a-c). This failure pattern explains the stepped post-peak region of the force-351 

elongation curves. Under the tearing force, all five specimens showed an 352 

identical failure pattern as shown in Figure 14(d). The solid arrow marks stage 1 353 

of the failure, corresponding to stages of Figure 14(a) to (b) and the dashed 354 

arrow marks stage 2, corresponding to Figure 14(c). Both stages exhibited an 355 

inclined tearing pattern. Stage 1 initiated from the left-hand side (i.e. the cut) of 356 
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the specimen, then the fracture path progressed in the upper-right direction. 357 

Once the elongation exceeded 120 mm, all specimens started fracturing from 358 

the right-hand side, initiating stage 2 fracturing. Overall, all specimens 359 

elongated more in stage 1 than in stage 2 of the failure process, resulting in the 360 

complete rupture at the upper-right-hand side. This can be attributed to the fact 361 

that the specimen had been elongated to an extent at which the tearing force 362 

had transitioned solely to tension. 363 

 364 

3.3 Cell-wall: Creep test 365 

The elongations and strains of three tested specimens are plotted against the 366 

elapsed time in Figure 15. The creep behavior of the three geocell specimens 367 

under different loads exhibits similar tendencies. This behavior can be divided 368 

into three stages: A, B, and C, in sequence. Stage A is defined here as primary 369 

creep, where the geocell specimens experienced a higher rate of elongation 370 

while a linear, axial strain versus time relationship was observed. For specimen 371 

1 (0.49 kN loading) and specimen 2 (0.54 kN loading), the axial strain reached 372 

7.5% and 6%, respectively, at the end of stage A, over a period of 373 

approximately 3 hours. Specimen 3 (0.58 kN loading) experienced a 374 

considerably higher axial strain (12.5%) during the initial 3 hours. Stage B is 375 

defined as secondary creep, where the rate of elongation decreased gradually 376 

for all three specimens; hence, the strain-time relationships formed smooth 377 

curves. The durations of stage B for specimens 1 and 2 were similar. Both 378 

specimens entered their final stages after approximately 55 hours, while their 379 

axial strains reached 15%. Specimen 3 experienced significantly higher 380 
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elongation during stage B, reaching approximately 28% axial strain. Stage C is 381 

defined as the period when all specimens returned to an approximately linear 382 

trend with minimal fluctuations. It can be seen that specimen 3 exhibited a 383 

higher elongation rate than specimens 1 and 2. The axial strains of all three 384 

specimens peaked at 17.7% (24.8 mm), 19.5% (27.4 mm) and 63.2% (65.2 385 

mm), respectively, at approximately 300 hours prior to unloading. With all things 386 

considered, in comparison to specimen 1, the additional 0.05 kN applied to 387 

specimen 2, was unable to cause a significant increase in elongation, which 388 

was merely 2.5 mm longer. However, specimen 3 exhibited a dramatically 389 

higher elongation when compared to both specimens 1 and 2, which were 40.3 390 

mm and 37.9 mm longer, respectively. 391 

 392 

All specimens became stable within approximately 1.5 hours of unloading and 393 

were then removed from the test apparatus. The specimen shrinkage was 394 

recorded by the LVDT and this is reflected in Figure 15 (a). The final forms of 395 

the three specimens are shown in Figure 16. Based on visual observations, 396 

specimen 1 [Figure 16(a)] returned almost entirely to its pre-loading form. A 397 

slight elongation can be seen in the perforations, but no deformation was 398 

evident from the creep loading. Specimen 2 [Figure 16(b)] deformed and 399 

deflected slightly along its edge, particularly in the area adjacent to the 400 

perforations. However, its structure and geometry remained sound, as no 401 

damage was observed. Specimen 3 exhibited minor ruptures adjacent to the 402 

edge-perforations, as outlined in yellow in Figure 16(c). The specimen was 403 

significantly twisted and stretched, and failure was expected to occur if the 404 
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loading period or weight was increased. Table 3 summarizes the shrinkage 405 

ratios of the three tested specimens. The shrinkage ratio is inversely 406 

proportional to the loading value. Specimen 3 exhibited the lowest shrinkage 407 

ratio, 53.0%, while specimens 1 and 2 contracted by 79.3% and 61.5% 408 

respectively.  409 

 410 

3.4 Junctions: Tensile strength 411 

The plot of axial stress versus elongation of both the geocell wall and junctions, 412 

subjected to uniaxial tension, is shown in Figure 17. Firstly, there is a noticeable 413 

difference in behavior between the junction specimens and the cell-wall strips, 414 

which is reflected by a more rapid increase in the elastic region and a sharper 415 

strength reduction in the plastic region. Among the five junction specimens, 416 

specimens 2 to 4 exhibited a similar tendency in the post-peak region, with an 417 

insignificant difference in the rate of strength reduction and elongation at failure, 418 

while only specimen 1 experienced much less ductile behavior, resulting in only 419 

23.5 mm elongation prior to failure.  420 

 421 

Additionally, a higher tensile strength was expected for geocell junctions, 422 

considering the fact that the geocell junction is the welded formation of two cell-423 

wall strips. Nevertheless, there was no significant increase in the tensile 424 

strength observed at the geocell junctions. The tensile strengths of the junction 425 

specimens ranged from 15.9 MPa to 16.5 MPa, while the cell-wall strips varied 426 

between 13.34 MPa and 14.2 MPa, which equates to a modest increase of less 427 

than 20%. This can be attributed to the welded joint generally having a lower 428 
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tensile strength when compared to the HDPE material itself (Tariq et al., 2011); 429 

hence it cannot provide a significant improvement in the tensile strength of a 430 

geocell junction. 431 

 432 

Two failure modes were identified for geocell junctions under tensile loading, 433 

which can be observed in Figure 18(b) and (c). All specimens experienced 434 

identical behavior in their initial stage of failure, with the elongation initiating 435 

from approximately the middle of the welds, as shown in Figure 18(a). The initial 436 

stage was then followed by two different failure modes. Specimens 2-4 437 

continued elongating in a vertical manner until rupture occurred. Whereas, for 438 

specimen 1, the fracture was initiated from the left-hand-side after reaching its 439 

peak tensile strength and followed by rupture which propagated towards the 440 

right-hand edge. Similar failure modes were observed on the cell-wall which 441 

was attributed to the stress concentration caused by inconsistent indentation 442 

depths (cf §3.1 Cell-Wall: Uniaxial tensile strength). These observations agree 443 

with the discrepancy in Figure 17 and provide an explanation for the brittle 444 

failure mode of specimen 1. 445 

 446 

3.5 Junction: Shear strength 447 

The plot of shear stress versus elongation of the geocell junctions subjected to 448 

a shear force is shown in Figure 19 (black lines). It can be seen, of the five 449 

specimens tested, most exhibited similar behavior. The shear stress increases 450 

almost linearly before peaking, and this is followed by a relatively sudden 451 

failure, reflected by less elongation when compared with the other tests 452 
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conducted on the junction. There are only small differences between the 453 

measured peak shear strengths; ranging from 2.58 MPa to 2.98 MPa. However, 454 

some discrepancy is found in the post-peak region, reflected by different rates 455 

of strength reduction. The elongations at rupture ranged from 18.3 mm to 31.4 456 

mm. 457 

 458 

All specimens experienced similar failure modes, where the rupture occurred 459 

adjacent to the junction, as shown in Figure 20. This indicates that the junction 460 

is unlikely to fail during shearing and the shear strength of the junction is 461 

significantly higher than the peak shear stresses obtained from the present 462 

experimental program, yet it is more vulnerable to tensile stress. This 463 

observation is confirmed by the elongation mode in Figure 20(b), where the 464 

specimen deformed only in the cell-wall strip, while the junction remained intact. 465 

Therefore, it is worthwhile to investigate the tensile strength of the cell-wall 466 

strips induced by the shearing action, and the tensile stress versus elongation 467 

relationships are plotted in red in Figure 19. Interestingly, under the action of 468 

shear, the tensile strength of the cell-wall was considerably higher than the 469 

tensile strength of a simple cell-wall specimen (cf §3.1 Cell-Wall: Uniaxial 470 

tensile strength). The former had a tensile strength ranging from 18.1 MPa to 471 

21.7 MPa, while the latter had a tensile strength ranging from 13.3 MPa to 14.2 472 

MPa, equating to an average increase of 42%. The welded junction provides 473 

additional resistance to the cell-wall against tension, which assists the cell-wall 474 

area near the junction to support, for example, gravity loads caused by soil 475 

movement (Figure 2). 476 
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 477 

3.6 Junction: Seam Strength 478 

The plot of stress versus displacement of the geocell junctions, when subjected 479 

to a peeling force, is shown in Figure 21. All five tested specimens exhibit a 480 

similar trend, with a reduced rate of increase in the elastic region, followed by a 481 

dramatic strength reduction. The maximum recorded seam strength is 8.21 MPa 482 

while the minimum seam strength 7.5 MPa across five specimens, resulting in a 483 

less 10% variation.  Under the action of peeling, two failure modes were 484 

observed, as are shown in Figure 22. Only one (specimen 1) of the five tested 485 

specimens experienced weld fracture [Figure 22(c)], while the other specimens 486 

failed in the cell-wall adjacent to the weld junction. This specimen 1 (J-SMS-1) 487 

also experienced the most fluctuations throughout the loading process, as can 488 

be seen in Figure 21. Due to the low possibility of occurrence of this failure 489 

mode, it is considered that this is likely the result of faulty/unsatisfactory welding 490 

during manufacturing. 491 

 492 

3.7 Junction: Split strength 493 

The split strength test is of particular interest to this study. Unlike other loads, 494 

which occur less frequently when the geocell is placed in the field, such as in 495 

the case of pavement or slopes, the junctions are constantly subjected to a 496 

splitting force. The axial stress versus elongation results are shown in Figure 497 

23. The tensile stress is calculated as the tensile force divided by the initial 498 

longitudinal cross-sectional area (262.5 mm2) of the geocell junctions. All of the 499 

results exhibit a similar nature, with variations in peak stresses and post-peak 500 
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behavior. Interestingly, although the loading mechanism of the splitting force is 501 

similar to that of the peeling force, the geocell behaved differently, with 502 

significant differences in peak strengths. The minimum splitting strength (3.69 503 

MPa) varied slightly from the maximum value (4.03 MPa). Almost all specimens 504 

experienced a rapid stress reduction post-peak, while specimen 4 increased in 505 

stress for a short period, followed by a rapid failure. 506 

 507 

Two types of failure mechanisms were observed, as shown in Figure 24. The 508 

failure mode that is shown in Figure 24(b) can be described as occurring when 509 

the two welded, cell-wall strips completely separated from each other due to 510 

rupture of the weld. The failure mode that is shown in Figure 24(c) is defined as 511 

cell-wall failure, as the junction did not fail under the influence of the splitting 512 

force. The latter mode is similar to the failure condition under shearing and 513 

peeling. It should be noted that geocell junctions exhibit a higher splitting 514 

strength when the junctions experience the failure mode of complete 515 

separation. This mode was exhibited by specimens 1 and 5, which recorded the 516 

highest splitting strengths of 3.98 MPa and 4.03 MPa, respectively.  517 

 518 

As the stress-displacement relationship was obtained from the seam strength 519 

tests, the geocell junctions reached their peak strength under the splitting load, 520 

significantly slower than in other loading scenarios. This phenomenon suggests 521 

that, when geocells are used in the field (such as in slope protection), it is 522 

possible that the soil structure will experience a gradual down-slope movement 523 

prior to failure if the gravitational load exceeds that specified by the 524 
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manufacturer. The post-peak behavior suggests that, once the junction reaches 525 

its splitting strength, failure occurs faster when compared with other loading 526 

conditions. 527 

 528 

3.8 Ductility ratio 529 

To assess the rate of failure in both cell-walls and junctions under short-term 530 

loading scenarios, a ductility ratio is proposed. This relationship entirely focuses 531 

on elongation and is not relevant to strength. First, the ductilities of the elastic 532 

and plastic regions are obtained from the elongations in two respective regions 533 

over the original gauge length. The ductility ratio is then calculated as the 534 

ductility of the plastic region divided by the ductility of the elastic region. Higher 535 

values indicate that the specimen reaches its peak strength quicker and 536 

experiences a less dramatic strength reduction. Figure 25(b) summarizes the 537 

strength versus pre-peak elongation relationship for all tests conducted on the 538 

cell-walls and junctions. The plot is helpful in evaluating the elastic response of 539 

geocells under different loading scenarios. As can be seen, the junctions 540 

provided similar strength against shear, peeling and splitting whilst also 541 

summarizes the ductility ratios of all test schemes examined in the present 542 

study. An average ratio is adopted for each test scheme.  543 

 544 

As can be seen in Table 4, the splitting and seam strength tests are both 545 

associated with extremely low values, which signify that the geocell junctions 546 

are more prone to failure when subjected to peeling and splitting forces (as 547 

demonstrated in this study; cf §3.6 and §3.7). These two loading scenarios may 548 
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be the most typical in practical applications of geocells. The trapezoidal tearing 549 

strength tests yielded a better ratio of 2.61, which also suggests that the geocell 550 

wall is vulnerable to tearing forces even when the cell-wall is slightly damaged. 551 

The geocell junctions showed superior performance under tension and 552 

shearing, returning ductility ratios of 12.17 and 12.18, respectively. Plotting the 553 

pre-peak elongation against the post-peak elongation [(Figure 25(a)] provides a 554 

more direct interpretation of the ductility ratio, reflected by the locations of these 555 

data points. Being closer to the origin suggests lower resilience relative to its 556 

corresponding loading type due to small overall elongation. 557 

 558 

Figure 25(b) summarizes the strength versus pre-peak elongation relationship 559 

for all tests conducted on the cell-walls and junctions. The plot is helpful in 560 

evaluating the elastic response of geocells under different loading scenarios. As 561 

can be seen, the junctions provided similar strength against shear, peeling and 562 

splitting whilst also exhibiting the highest ductility with respect to shear and the 563 

highest strength associated with uniaxial tension. This implies that geocell is 564 

most vulnerable against shear. In addition, the cell-wall performed well when 565 

subjected both to uniaxial tension and tearing, reflected by reasonably long 566 

elongation prior to achieving its peak strength. 567 

 568 

4. CONCLUSIONS 569 

This study assesses the failure mechanisms of geocells when subjected to 570 

tensile and shear loads. An experimental program, which involved six test 571 

schemes, were conducted on the cell-walls and welded junctions of the geocell. 572 



25 
 

The experiments involved the application of uniaxial tension to cell-wall strips to 573 

assess their tensile capacity and creep behavior, while the junctions were 574 

subjected to four loading types: uniaxial tension; shear; peeling; and splitting. 575 

The stresses and elongation of the samples were recorded to evaluate the peak 576 

strength, and the behaviors of both the cell-wall and junctions in the elastic and 577 

plastic regions. The failure modes for all loading scenarios were observed, and 578 

the implications for the operational deployment of geocells were discussed.  579 

 580 

This study draws the following conclusions: 581 

1. Cell-walls behave inconsistently under uniaxial tension, mainly in the post-582 

peak region. This is reflected by some specimens exhibiting a considerably 583 

rapid strength reduction in the post-peak region, while the others exhibited 584 

behavior typical of the HDPE material. This is a result of stress 585 

concentrations caused by inconsistent indentation depth in the cell-wall. 586 

2. Although the junctions of geocells are formed by welding two cell-wall strips, 587 

there was no significant, observed increase in tensile strength. All 588 

specimens failed relatively quickly after reaching their tensile strength. 589 

3. The trapezoidal tearing strength was assessed using pre-cut, cell-wall 590 

specimens. All specimens failed in a progressive and diagonal manner, 591 

following the pattern of the perforations. The pre-cut specimens performed 592 

better than expected, reaching their peak tearing strength at approximately 593 

50 mm of elongation before the first rupture occurred. The thin strips 594 

between perforations continued to sustain the tensile force and exhibited 595 

good ductility. These strips can elongate from 6 mm up to 33 mm, which 596 
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may be considered beneficial in cases where the cell-wall sustains minor 597 

damage along its edge when buried beneath the ground. 598 

4. The creep behavior of geocells was investigated on the cell-wall under 60%, 599 

65% and 70% of its ultimate tensile strength (UTS). As expected, all 600 

specimens elongated considerably under a static load over the 300-hour 601 

applied loading period. The cell-wall maintained sound integrity when it is 602 

loaded by 60% UTS. By increasing the load by 5% UTS did not result in 603 

distinctly higher axial strain while slight deflections were found adjacent to 604 

the edge-perforations. At 70% UTS, although the cell-wall was only 605 

subjected an addition 5% increment, cell-wall exhibited pronounced and 606 

more rapid deformation; cell-wall ruptured at the edge-perforations and was 607 

close to failure. 608 

5. A shrinkage ratio was developed to express the reduction in the height of the 609 

geocell wall with the application of the tensile, creep load. The shrinkage 610 

ratio is defined as the reduction in geocell height (mm) divided by the 611 

maximum elongation (mm) of each specimen (perpendicular to the height), 612 

at the cessation of the creep load application. It can be concluded that the 613 

shrinkage ratio is inversely proportional to the applied load. In other words, a 614 

greater load results in higher shrinkage, which indicates that geocell cell-wall 615 

is highly elastic under long-term loading. This may be considered to be a 616 

desirable feature in the practical application of geocells. 617 

6. The geocell junctions did not exhibit significant improvement in the uniaxial 618 

tensile strength tests when compared to the geocell wall. Although a geocell 619 
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junction is the welded formation of two cell-wall strips, a modest average 620 

increase in tensile strength of 20% was recorded. 621 

7. The results of the peeling and splitting strength tests show significant 622 

differences in peak strengths, but very similar trends in both the elastic and 623 

plastic regions. The ascending rate of the stress-elongation curves is slower 624 

when compared with those derived from the uniaxial tensile and shear 625 

loading cases. 626 

8. When the junction is subjected to peeling and splitting, two types of failure 627 

modes were observed: cell-wall failures adjacent to the junctions; and weld 628 

failures where the cell-wall strips completely separated from one another. It 629 

should be noted that, when weld failure occurs, the specimen typically 630 

exhibits a lower peak strength.  631 

9. When geocell junctions were subjected to shear, the specimens did not 632 

experience shear failure at the junctions, rather all failures occurred in the 633 

cell-wall. Therefore, it is suggested that the test results be considered as a 634 

lower bound of the shear strength of the geocell junctions. 635 

10. A ductility ratio was proposed to quantify the rate of failure for each loading 636 

case, in both the cell-walls and junctions, under short-term loading. A higher 637 

ratio indicates that the failure occurs relatively rapidly, whereas a lower ratio 638 

indicates a more gradual failure. The geocell junction fails more suddenly 639 

under uniaxial tensile and shear loading than as a result of peeling or 640 

splitting. 641 

 642 
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LIST OF TABLE 719 

 720 

Table 1. Specimen dimensions. 721 

Test 

Junction 

thickness 

(mm) 

Junction 

length 

(mm) 

Overall 

length 

(mm) 

Clamping 

distance 

(mm) 

Tensile & Shear 

strength 
3.5 10.5 120.5 10.5 

Seam & Split strength 3.5 10.5 110 30 

 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 
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Table 2. Specimen designation. 737 

Specimen type Test Designation 

Geocell wall 

Uniaxial tensile strength CW-UTS 

Trapezoidal tearing strength CW-TTS 

Creep CW-CT 

Geocell 

junction 

Uniaxial tensile strength J-UTS 

Shear strength J-SS 

Seam strength J-SMS 

Split strength J-SPS 

 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 
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Table 3. Shrinkage ratios of three tested specimens. 753 

 
Specimen 1 

(0.49 kN loading)

Specimen 2 

(0.54 kN loading)

Specimen 3 

(0.58 kN loading)

Maximum elongation 

(mm) 
24.81 27.35 65.24 

Shrinkage (mm) 19.67 16.83 34.6 

Shrinkage ratio (%) 79.28 61.54 53.04 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 



35 
 

Table 4. Ductility ratio for geocell walls and junctions under different  772 

test conditions. 773 

Test Specimen Elongation (mm) Ductility 

ti

Average 

ti
Pre-peak Post-peak 

Uniaxial tensile 

strength (cell-

wall) 

1 10.05 44.22 4.40 

5.45 
2 13.16 33.09 2.52 
3 11.98 110.61 9.23 
4 12.89 33.16 2.57 
5 12.37 105.29 8.52 

Trapezoidal 

tearing strength 

(cell-wall) 

1 43.61 113.60 2.60 

2.63 
2 49.89 172.98 3.47 
3 51.16 140.65 2.75 
4 47.20 90.87 1.93 
5 47.65 109.68 2.30 

Uniaxial tensile 

strength 

(Junction) 

1 3.77 20.52 5.44 

12.17 
2 3.63 46.99 12.94 
3 3.37 55.28 16.42 
4 4.36 47.54 10.89 
5 3.57 53.98 15.14 

Shear strength 

(Junction) 

1 1.56 27.83 17.84 

11.02 
2 2.11 26.36 12.49 
3 2.39 15.88 6.65 
4 2.55 16.70 6.56 
5 2.51 28.91 11.53 

Split strength 

(Junction) 

1 14.15 14.06 0.99 

0.95 
2 12.62 12.98 1.03 
3 12.90 15.34 1.19 
4 15.99 11.95 0.75 
5 10.19 8.29 0.81 

Seam strength 

(Junction) 

1 15.75 12.70 0.81 

0.74 
2 21.47 16.15 0.75 
3 18.59 7.71 0.41 
4 20.87 12.10 0.58 
5 20.47 23.78 1.16 

 774 

 775 

 776 

 777 
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 779 

 780 

 781 

Figure 1. Geocell components. 782 
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 784 

Figure 2. Typical geocell application in slope stabilization and the force 785 

induced by soil movement at different locations. 786 

 787 
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 788 

Figure 3. Details of the geocell junction 789 

 790 

 791 

Figure 4. Typical stress-displacement relationship of HDPE (Kwon and 792 

Jar, 2008). 793 
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(a) 

 

 

(b) 

Figure 5. Uniaxial tensile strength test on geocell wall: (a) specimen 795 

configurations, (b) testing overview. 796 

 797 
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 798 

Figure 6. Prepared sample and dimension. 799 

 800 
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(a) (b) 

Figure 7. Creep test: (a) schematic and (b) test setup. 801 

 802 
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 809 

  

(a)  (b) 

  

(c) (d) 

Figure 8. Junction strength tests: (a) uniaxial tensile strength, (b) shear 810 

strength, (c) peel strength and (d) split strength. 811 

 812 
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(a) (b) 

(c) (d) 

Figure 9. Clamped specimens: (a) tensile strength, (b) shear junction 813 

strength, (c) seam strength, and (d) split strength. 814 

 815 
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 816 

Figure 10. Stress–elongation relationship of geocell cell-wall subjected to 817 

uniaxial tensile force. 818 
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(a) (b) 

 

(c) 



46 
 

 

(d) 

Figure 11. Failure modes of cell-wall specimens subjected to uniaxial 820 

tension: (a) and (c) sudden failure, (b) and (d) ductile failure mode of 821 

HDPE. 822 

 823 

 824 

Figure 12. Force-elongation relationship of geocell cell-wall subject to 825 

tearing. 826 

0

1

2

3

4

5

6

7

0 50 100 150 200 250

T
ea

ri
n

g
 s

tr
en

g
th

 (
M

P
a)

Elongation (mm)

CW-TTS-1

CW-TTS-2

CW-TTS-3

CW-TTS-4

CW-TTS-5

Stage 1 Stage 2 



47 
 

 827 

  

(a) (b) 

Figure 13. Inconsistencies in perforations between two cell-wall 828 

specimens: (a) specimen A, (b) specimen B. 829 
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Figure 14. The progressive failure of cell-wall specimen CW-TTS-3 at 831 

different elongations: (a) 0 mm,  (b) 115 mm, (c) 180 mm and (d) failure 832 

pattern. 833 
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 843 

(b) 844 

Figure 15. Strain-time relationship of three tested specimens. 845 

 846 

   

(a) (b) (c) 

Figure 16. Final form of specimens: (a) specimen 1 (0.49 kN loading),  847 

(b) specimen 2 (0.54 kN loading), (c) specimen 3 (0.58 kN loading). 848 
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 849 

 850 

Figure 17. Stress-elongation relationship of the geocell junction subjected 851 

to a uniaxial tensile force. 852 
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(a) (b) (c) 

 

(d) 

Figure 18. Failure modes of the geocell junction subjected to uniaxial 854 

tension: (a) initial stage (pre-peak), (b) failure mode 1 (post-peak), (c) 855 

failure mode 2 (post-peak), and (d) ruptured specimen 1. 856 

 857 
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 858 

Figure 19. Force-elongation relationship of geocell junction subjected to  859 

shear force. 860 
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(a) (b) 

(c)  

Figure 20. Failure modes of geocell junctions subjected to shear force:  862 

(a) oblique view and (b) side view during testing, and (c) failed specimen. 863 
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 865 

Figure 21. Stress-elongation relationship of tested geocell junctions when 866 

subjected to a peeling force. 867 
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(a) 

 

(b) 

 

(c) 

Figure 22. Failure modes of geocell junctions subjected to peeling force:  873 

(a) during testing, (b) strip failure, (c) weld failure. 874 
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 876 

Figure 23. Stress-elongation relationship of geocell junctions  877 

subjected to splitting. 878 
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(a) 

   

(b) 

 

(c) 

Figure 24. Failure modes of geocell junctions subjected to a splitting 881 

force: (a) during testing; (b) junction failure; (c) cell-wall strip failure.  882 
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(a) 

 

(b) 

Figure 25. Cell-wall and junction test results: (a) post-peak elongation 884 

versus pre-peak elongation, (b) strength versus pre-peak elongation. 885 
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