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Abstract  This study focuses on the evaluation of results 
from direct shear tests conducted to characterize the inter-
face between geocell walls and various infill materials. Tests 
involved geocells from five different products, manufactured 
using high-density polyethylene (HDPE), novel polymeric 
alloy (NPA) and polypropylene (PP) nonwoven geotextiles. 
Two types of infill material (coarse and fine-grained soils) 
were adopted, along with different compaction conditions 
and grout to determine the interface shear strength under 
various conditions. The testing program also included vary-
ing the texture of the geocell walls as well as the number 
of perforations. Surface roughness profilometer tests were 
conducted to evaluate texture parameters. The analyses 
focused on the interface strength, obtained for both peak and 
post-peak conditions, characterized by the ratio between the 
interface friction angle and the soil peak friction angle. The 
results indicate that the presence of texture on the geocell 
wall led to comparatively high frictional efficiency, although 
the type of texturing was found not to have a significant 
effect on the frictional capacity of the geocells evaluated in 
this study. Additionally, the experimental results indicate 
that a perforation fraction of up to 10% of the total cell wall 

area did not significantly affect the interface shear strength. 
Based on the experimental program performed, a geocell 
with textured and perforated walls was found to lead to 
improved interaction with the infill material.
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Introduction

Geocells are three-dimensional geosynthetics used in a wide 
range of geotechnical projects, including the stabilization 
of earth retaining walls, increase in foundations bearing 
capacity, protection of slopes from erosion, waterproofing 
of canals, protection of underground utilities and control-
ling permanent deflections in pavement systems [1–7]. In 
these applications, the proper selection of infill material and 
its interaction with the cell wall are crucial to optimize the 
system performance.

Over the past few decades, numerous laboratory tests 
have been conducted to evaluate the performance of geo-
cell-reinforced soils. Some experiments have involved plate 
load tests to assess improvements in bearing capacity [8–12]. 
Other experimental studies have focused on embankments 
over soft soils, where geocells are used as basal reinforce-
ment [13, 14]. Performance tests and analytical and com-
putational modeling have also been conducted to quantify 
the geocell reinforcement performance; validate analytical 
models; and understand load support mechanisms for trans-
portation infrastructure, such as railways and paved and 
unpaved roads [15–23]. Finally, experimental data have also 
been generated to quantify their performance in applications 
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involving slope erosion protection, canals, retaining walls 
and underground utilities [24–28].

However, most of the tests have not directly quantified the 
interface shear strength between the different components of 
the system (i.e., between the geocell wall and the infill mate-
rial), but have instead focused on evaluating the comparative 
performance between geocell-reinforced and unreinforced 
layers. In these configurations, researchers have used direct 
shear tests [29–31] or pullout tests [32–34] to quantify the 
interface shear strength between a geocell-reinforced layer 
and adjacent materials. However, there have been few stud-
ies aimed at characterizing the individual cells to determine 
the interface shear strength between the cell wall and the 
infill material.

Since the behavior of a geocell-reinforced soil layer (com-
posite) is influenced by the mechanisms that develop within 
the geocell pockets, it is relevant to investigate the interac-
tion between the fill material and cell wall. This interaction 
plays a significant role in various assumptions made in ana-
lytical and computational modeling for geocell-reinforced 
soil methodologies [35–37].

The present study aims at providing an overview of the 
interaction between infill materials and geocell walls under 
different conditions to enhance understanding of the inter-
face shear strength characteristics. Direct shear (DS) tests 

were used to evaluate the interface between three fill mate-
rials and various commercially available geocells with dif-
ferent textures and perforation conditions. This paper pre-
sents the results and analysis of the interface shear strength 
between geocell walls and fill materials.

Materials

Geocell Walls

Five different geocell types from four different manufactur-
ers were tested, as presented in Fig. 1. The geocell walls had 
different conditions, allowing for a comprehensive compari-
son and evaluation of the results.

The geocell walls involved different polymeric materials, 
which can be categorized into two groups: “rigid walls,” 
such as high-density polyethylene (HDPE) and novel poly-
meric alloy (NPA), and flexible walls consisting of strips of 
polypropylene (PP) needle-punched nonwoven geotextile.

In addition to the polymeric material, the cell walls are 
also characterized by their surface roughness and the pres-
ence and pattern of perforations. A smooth HDPE geocell 
was manufactured for this study to allow evaluating the 
influence of roughness. Additionally, tests were conducted 

Fig. 1   Different geocell specimens without perforation used in the experiments
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using an optical surface roughness profilometer to assess the 
surface roughness of each geocell.

Regarding cell wall perforations, a standard diameter of 
10 mm has been adopted across manufacturers, with holes 
arranged in different patterns for each geocell. To assess the 
effect of this parameter, tests were conducted using different 
numbers of cell wall perforations as shown in Fig. 2. The 
perforation fraction was identified as a suitable parameter, 
which is defined as the ratio between the sum of the perfo-
rated areas and the cell wall area (Ah/Aw). The perforation 
fraction of geocells evaluated in this study ranged from 0 
to 12%, although in commercially available geocells, this 
parameter ranges from 8 to 18%. The nonwoven geotextile 

strip (Geocell D) does not have factory perforations and was 
not evaluated in this parameter.

Table 1 provides details of the geocells tested in this 
study, followed by the nomenclature adopted herein. The 
geocell naming convention established for this study consists 
of a letter followed by a number. The letter refers to the type 
of geocell/texture/manufacturer (A, B, C and D for commer-
cial geocells, and AS for the smooth HDPE geocell manu-
factured for this study for control purposes) and the number 
refers to the perforation fraction (0—no perforation, 6—6% 
perforation, etc.). For example, specimen B8 refers to a geo-
cell from manufacturer “B” with 8% of perforation frac-
tion. Table 1 also presents the peak and post-peak interface 

Fig. 2   Geocell A with perforation patterns: a 6%; b 8%; c 10%; and d 12%

Table 1   Scope of the testing 
program conducted in this 
study, including shear strength 
results

HDPE, High-density polyethylene; PP, polypropylene; NPA, novel polymeric alloy; Ah, sum of perforated 
cell wall area; Aw, cell wall area
a Normal condition of the manufactured geocell
b Roughness inherent to nonwoven geotextiles

Geocell Polymer Roughness Ah/Aw(%) Soil 1 Soil 2 Grout

δ (°) tanδ/tanφ δ (°) tanδ/tanφ δ (°) tanδ/tanφ

A0 HDPE Textured 0 36.8 0.94 39.0 0.92 24.5 0.86
A6 6 36.7 0.94 – – – –
A8 8 36.3 0.92 – – – –
A10a 10 36.8 0.94 39.6 0.93 – –
A12 12 34.4 0.86 – – – –
AS0 Smooth 0 24.3 0.57 25.8 0.55 – –
AS10 10 29.5 0.71 29.9 0.65 – –
B0 HDPE Textured 0 35.9 0.91 37.3 0.86 27.2 0.97
B8 8 35.2 0.89 – – – –
B12a 12 32.8 0.81 36.9 0.85 – –
C0 NPA Textured 0 35.3 0.89 37.1 0.85 21.3 0.74
C10a 10 34.5 0.87 36.9 0.85 – –
D0a PP non-

woven 
geotextile

b 0 34.3 0.86 36.4 0.83 20.4 0.70
D8 8 35.6 0.90 – – – –
D10 10 37.0 0.95 – – – –
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friction angles obtained from the experiments—which are 
discussed in Sect. "Results and Discussion."

Infill Soils

Two types of infill soil were utilized to assess the interface 
shear strength with the different geocells. The first type, 
referred to as soil 1, is sand known as "normal Brazilian 
sand" [38]. This material was used in its dry state and com-
pacted to its maximum relative density (minimum void ratio) 
to represent typical conditions in reinforcement applications, 
whereby granular materials are commonly used, and high 
energies are required to meet stability and deformability 
design criteria. Figure 3 presents its particle size distribu-
tion, which is characterized by a coefficient of uniformity 
(Cu) of 1.81, coefficient of curvature (Cc) of 1.18, effective 
particle size of 0.13 mm and specific gravity of 2.74. The 
minimum and maximum void ratios found were equal to 
0.61 and 0.82, respectively. This soil classifies as a poorly 
graded sand (SP) according to the unified soil classification 
system (USCS) and as an A3 soil according to the classifica-
tion system of the highway research board (HRB).

The second type of soil, referred to as soil 2, is a soil 
with a comparatively high fines content involving a typi-
cal Brazilian lateritic natural soil. This soil has been com-
monly used to fill geocells in erosion protection applications, 
whereby compaction control is usually not implemented, and 
the development of vegetation is desired. Therefore, a com-
paratively small degree of soil compaction was applied to 
this soil during testing. Soil 2 fines content exceeded 50%. 
Figure 3 depicts the particle size distribution curves obtained 
using two different procedures: one with a dispersing agent 
(hexametaphosphate) and the other without it (referred to 

as soil 2* in the figure). The soil liquid limit (LL), plastic 
limit (PL), plasticity index (PI) and specific gravity were 
determined as 39, 29, 10 and 2.67, respectively. According 
to the USCS, soil 2 classifies as a low-plasticity silt (ML). 
According to the HRB classification system, it falls under 
category A4. Without the dispersing agent, the soil classifies 
as an SM and A4 based on the USCS and HRB classification 
system, respectively.

Grout

In addition to the two soils, grout was also utilized to 
assess the interface shear strength with the different geo-
cells to understand the trends when a geocell is filled with 
cementitious materials, such as concrete, which is com-
mon in hydraulic projects such as canals. To prevent the 
result from being affected by the local influence caused 
by aggregates, grout rather than concrete was chosen 
because of the comparatively small dimensions of the 
shear box. Without coarse components like gravel, note 
that the use of grout, which lacks coarse materials, in these 
tests would conservatively represent a lower bound of the 
geocell interface shear strength involving cementitious 
materials. The specimens were prepared using a mixture 
of 300 g water, 500 g cement and 1,500 g sand, resulting 
in a water–cement (w/c) ratio of 0.6, to which a propor-
tion of 1:3.5 g of superplasticizer additive for concrete 
(ADVA CAST 525) was added. The blocks were cured 
for approximately one month, resulting in a compressive 
strength of 7.4 MPa.

Fig. 3   Soil particle size distri-
bution
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Laboratory Test Model

Testing Apparatus

A conventional direct shear (DS) apparatus, consisting of a 
fixed lower box and free upper box for shearing, was used 
in this investigation. Considering that the height of geo-
cells used in various geotechnical applications typically 
ranges from 50 to 200 mm, which is consistent with the 
standard dimensions of commercially available geocells, 
the shear box used had dimensions of 60 × 60 mm in length 
and width (36 cm2 area) and 50 mm in height, resulting in 
an internal volume of 180 cm3. The horizontal and vertical 
displacements, and applied force were measured during 
testing, allowing for determining volumetric and horizon-
tal strains as well as shear stress.

Test Procedures and Variables

Tests were conducted following the procedure provided in 
ASTM D3080 at a shear displacement rate of 0.267 mm/
min. Three different normal stresses of 50 kPa, 100 kPa 
and 200 kPa were applied in each test. The tests were con-
ducted following a procedure similar to the one described 
in [40]. The tests for interface shear strength characteri-
zation were performed by securing the geocell walls to a 
wooden block with dimensions similar to those of the DS 
test boxes. This block was then placed in the lower DS test 
box, while the upper box was filled with soil or grout. For 
soils 1 and 2, compaction was employed during the fill 
process, aiming for a specified mass target as elaborated 
in the following section. In instances involving geocell 
walls with perforations, soils were allowed to fill these 
openings. Since the grout was used in the form of precast 
blocks, perforated geocell walls were not employed in this 
interface, as the openings could not be filled with grout in 
the precast block circumstance.

The methodology to report the test results was similar 
to previous research [41–43] in terms of peak and large-
displacement interface friction angle, respectively, δ and 
δld. The large-displacement interface friction angle was 
defined as a horizontal displacement of 8 mm. The results 
are reported in terms of the peak interface friction angle (δ) 
and the ratio between the tangents of peak interface friction 
angle and the soil peak friction angle (tanδ/tanφ) here named 
as “interface friction efficiency” for convenience.

Internal Shear Strength Characterization of Soils 
and Grout

The soils adopted in this testing program were prepared for 
different initial conditions in the DS box used in tests to 

determine both the internal and interface friction angles. 
Soil 1, consisting of a coarse material typically used to fill 
geocells in reinforcement applications, was compacted to a 
comparatively high density to represent conditions typical of 
reinforcement and stiffening applications. The initial relative 
density condition of soil 1 was 100%, corresponding to a 
unit weight of 17.3 kN/m3. The relative density was achieved 
by controlling the mass of the material placed in the upper 
box to achieve the minimum void ratio of the sand. The peak 
friction angle of the dry sand at this relative density was 
determined to be 38.5° through standard DS tests following 
the procedure described above, as shown in Figs. 4 and 5. 
Figure 4 depicts the shear stress and displacement from the 
DS for soil 1 (squares patterns), showing that this soil exhib-
its a clear peak at 2.0 mm of shear displacement, particularly 
for normal stresses of 100 and 200 kPa. The shear strengths 
and failure envelopes were determined by analyzing the 
maximum stresses obtained as depicted in Fig. 5. Consider-
ing no cohesion intercept (dry sand), where a R2 equal of 
0.998, the failure envelope for soil 1 was obtained. The post-
peak friction angle was determined as 33.3° (φpp/φ = 0.86). 

Soil 2 primarily consists of fine particles and is com-
monly used to fill geocells in erosion control applications, 
particularly in slopes, associated with vegetation. Achiev-
ing a high degree of soil compaction during construction 
is challenging in these scenarios due to difficulties in 
filling, installing and compacting the soil. To represent 
this field condition, a degree of soil compaction of 85% 
(standard Proctor) was maintained in all tests, resulting 
in an average soil unit weight of 15.1 kN/m3 and moisture 

Fig. 4   Shear stress–displacement behavior of soils 1 and 2, grout and 
Geocell A10–soil 1 interface
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content of 1.89%. The degree of soil compaction was con-
trolled using the same method as for soil 1. Using triangle 
patterns, Fig. 4 shows the shear stress and displacement 
for soil 2, in which practically no peak was obtained, due 
to the light compaction situation. Also, the maximum 
shear strength value for soil 2 was obtained at displace-
ments ranging from approximately 4–5 mm. Figure 5 
presents the failure envelope, again considering no cohe-
sion intercept due to the dry and compaction situations, 
where an R2 equal to 0.999 was calculated. The φ and 
(φpp) were determined via standard DS tests as 41.5° and 
40.7°, respectively (Fig. 5). The ratio φpp/φ was found to 
be 0.98. The friction angle value obtained for soil 2 may 
be considered high for typical soils classified as ML. The 
values obtained in this investigation are consistent with 
those reported in previous studies involving lateritic and 
residual tropical soils. [44–52].

In the case of grout, the interface shear strength of the 
joint was determined. Two grout blocks were placed in 
the DS box to determine the peak and post-peak interface 
friction angle of the joint—here also termed as φ and φpp 
for convenience. The grout blocks DS tests were con-
ducted under confining stresses of 50, 100 and 200 kPa. 
According to Figs. 4 and 5 (circle patterns), the maximum 
shear strength for the grout was reached at displacement 
values of 2 to 3 mm. The peak and post-peak friction 
angles in the joint between the blocks were determined 
to be 27.9° and 26.3°, respectively (ratio φpp/φ equal to 
0.94).

Results and Discussion

This section briefly shows and discusses profilometer results, 
interface shear strength results and its influence factors such 
as infill materials, wall texturization and perforation.

Profilometer Tests to Quantify Geocell Wall Roughness

The results from an optical profilometer to quantify the 
roughness parameters [43, 53, 54] are described in this 
section. The testing program involved conducting a series 
of three roughness measurements for each geocell sample. 
These measurements were used to create a roughness profile 
of the most representative section of the geocell wall sam-
ples. The measurements were taken in portions of the geo-
cell walls without perforations. Three parameters obtained 
from the profilometer were associated with the surface 
roughness [43, 54, 55]: i. total height of the profile (Rt), 
which is obtained from the maximum peak to valley height 
in the tested profile; ii. the mean height of the profile (Rc); 
and iii. the arithmetic mean deviation of the profile (Ra).

The equipment used was a Taylor Hobson CCI optical 
profilometer, with high sensitivity and an accurate detector 
to allow determining the position and estimating the superfi-
cial height of this point, regardless of the surface texture. For 
each test, the three roughness parameters and 3D profiles of 
the samples were obtained. The optical profilometer captured 
three sections of each specimen measuring 1600 × 1600 μm2 
via a lens with 10 × magnification. A wavelength cutoff of 
0.1 μm was specified. A qualitative–quantitative analysis 
was conducted using the three parameters, focusing on the 
relationship among the results of different geocells rather 
than analyzing the absolute values obtained. Table 2 presents 
the three parameters calculated by the profilometer.

In Table 2, the smooth geocell (AS) produced the low-
est results across parameters measured with the profilom-
eter, with values at least less than 50% of those for the other 
geocells. Geocell AS absence of surface textures yielded 
a significant decrease in surface roughness, which could 
be observed qualitatively by handling the sample and 

Fig. 5   Peak shear strength of soils 1 and 2, grout and Geocell A10–
soil 1 interface

Table 2   Roughness parameters as obtained by optical profilometer

Rc: Mean height of the profile
Rt: Total height of the profile
Ra: Arithmetical mean deviation of the profile

Geocell Rc (μm) Rt (μm) Ra (μm)

A 41.2 94.6 10.3
AS 16.6 31.0 2.3
B 34.4 56.4 7.4
C 66.3 153.5 22.9
D 64.9 127.0 19.6
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quantitatively using the profilometer. The texture patterns 
of Geocells C and A exhibited the best performance based 
on profilometer measurements for the “rigid wall” group. 
Geocell C had higher values for all parameters, which were 
approximately 50% to 100% higher than those obtained for 
Geocell A. Geocell B, in turn, had the lowest performance 
among the geocells with “rigid walls” and produced the low-
est parameter values, ranging from about 60% to 30% of 
those for the other geocells.

Lastly, Geocell D, manufactured using geotextile strips, 
produced high values in all the parameters measured by the 
profilometer, very similarly to the values obtained for Geo-
cell C. This may be attributed to the surface roughness of 
the nonwoven geotextile resulting from the needling pro-
cess used in its manufacture. Unlike extruded materials, such 
as HDPE and NPA, which require a texturing process, the 
surface of a needled geotextile exhibits comparatively high 
roughness due to the presence of PP polymer filaments.

Interface Shear Strength Results

A total of 108 DS tests were conducted, categorized into 36 
test series with three different normal stresses. The experi-
ments included fill materials, such as soils and grout (9 tests 
in 3 series), geocell wall interface tests in various configura-
tions (84 experiments in 28 series) and repetitions of sev-
eral tests to assess repeatability (15 experiments in 5 series). 
Table 1 provides a summary of all the interface shear tests 
conducted, excluding tests solely involving soils and grout, 
and repetitions that yielded consistent results.

In addition to the DS test results corresponding to the 
internal shear strength of the different materials, as men-
tioned in Sect. "Internal Shear Strength Characterization of 
Soils and Grout," the results in Fig. 4 also show the inter-
face shear stress versus shear displacement curves from 
DS tests conducted to characterize the Geocell A10–soil 1 
interface. Among the multiple interfaces investigated in this 
study, Geocell A10–soil 1 interface is adopted in this sec-
tion to illustrate the general behavior observed in the testing 
program. As shown in Fig. 4, Geocell A10–soil 1 interface 
(represented by diamond patterns) exhibits a well-defined 
peak shear strength, which was reached at relatively small 
displacements of approximately 2 mm, in the same behavior 
previously noted to soil 1 (Sect. "Internal Shear Strength 
Characterization of Soils and Grout"). The figure shows that 
the shear stress obtained for soil 1 at any given shear dis-
placement, including the peak shear strength, was consist-
ently higher than that obtained for the Geocell A10–soil 1 
interface. This behavior was consistent with other geocells 
and interfaces as well.

As previously remarked for the infill soils and grout 
(Sect. "Internal Shear Strength Characterization of Soils and 
Grout"), the Geocell A10–soil 1 interface failure envelope 

(Fig. 5) also shows that the peak shear strength data can be 
represented by a linear shear strength envelope, where R2 
equal to 0.998 was obtained for this interface.

Based on the results in Table 1, the textured rigid wall 
geocells (A, B and C) and nonwoven geotextile geocell (D) 
were observed to reached the following peak interface fric-
tion angles (δ): 33° to 37°, with an average of 35.5°, for soil 
1; 36° to 39°, with an average of 38°, for soil 2; and 20° to 
27°, with an average of 23.4°, for grout. These values indi-
cate that the geocell walls may provide a significant surface 
interaction for the different materials tested in this study as 
they reach interface friction angles that are very close to the 
internal friction angles (φ) of the soils. Overall, the interface 
friction efficiency (tanδ/tanφ) exceeded 0.8—and was often 
higher than 0.9.

In contrast, non-textured Geocell AS exhibited interface 
friction angle values significantly lower than the soil friction 
angles. These values ranged from 24° to 30° and were the 
lowest values observed in tests conducted in geocell walls 
without perforations. The resulting tanδ/tanφ values range 
from 0.55 to 0.71, indicating a comparatively low interface 
frictional efficiency for the materials and conditions exam-
ined in this study.

While tests to determine the interface shear strength of 
geocell walls against different infill materials are not com-
monly found in the literature, test results for interfaces 
involving geomembranes and geotextiles have been reported 
in several previous studies. Although the texturing patterns 
are generally tailored for geocell applications, the materi-
als used in geocell walls are often similar to those used in 
geomembranes (HDPE) and nonwoven geotextiles (PP). 
A comparison of results reported in several studies [43, 
54, 56–65] reveals that the peak interface friction angles 
obtained herein are similar in magnitude to those reported 
in the literature for applications other than geocells.

The influence of the fill material, tested using geocell 
walls without perforations, was evaluated for all the geocell 
walls tested in this research. Table 1 presents the results of 
interface shear tests conducted using the various fill mate-
rials. In addition, Fig. 6 summarizes the interface friction 
efficiency (tanδ/tanφ) for all geocell wall samples in non-
perforated surface conditions.

Although soil 2 had a higher internal friction angle than 
soil 1, the evaluation of results presented in Fig. 6 reveals 
that interface shear tests involving soil 1 led to higher effi-
ciency values than soil 2. This trend is consistent with pre-
vious studies, indicating that coarse soils have greater fric-
tional efficiency than silty and clayed soils when interacting 
with other geosynthetics [66, 67]. Additionally, the high 
compaction energy in tests on soil 1 facilitated increased 
contact with the geocell wall, potentially contributing to 
increasing its efficiency when compared to soil 2 and its 
reduced compaction energy in testing. Apart from Geocell 
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B, the tanδ/tanφ ratio for the grout interface was lower than 
those obtained for the two soils. This may be attributed to 
the smoother texture of the grout surface, which reduces 
frictional efficiency.

As previously mentioned, the results in Fig. 6 show that 
the presence of texture significantly increases the efficiency 
of the fill material–cell wall interaction. For the same sample 
(Geocell A), which was evaluated textured and smooth, spe-
cifically for this study, both soils exhibited an approximately 
50% increase in performance in the tanδ/tanφ ratio due to the 
presence of texture in the absence of perforations.

Table 2 and Fig. 6 reveal that the geocells with “rigid 
walls” (HDPE and NPA) generated very similar tanδ/tanφ 
ratio values, particularly for both soils, with a slight decrease 
in efficiency observed for the NPA samples. However, the 
HDPE samples exhibited a frictional efficiency at least 

15% higher than the NPA sample with the grout. Despite 
the higher surface roughness observed for Geocell C in 
profilometer roughness tests, the highest interface friction 
results were obtained for the texture pattern of the Geocell 
A samples, followed by Geocell B and finally Geocell C. 
Despite the limited scope of this experimental program, the 
results obtained suggest that the NPA polymer may have 
lower shear strength compared to the HDPE. However, fur-
ther investigation is needed to confirm these preliminary 
results.

Lastly, Table 2 and Fig. 6 indicate that the tanδ/tanφ 
ratios obtained for the nonwoven geotextile geocell sam-
ple (D) were very similar to those generated by Geocell C, 
and slightly lower than Geocells A and B. Interestingly, DS 
tests determined lower tanδ/tanφ ratio values for Geocell D 
despite its higher roughness as determined in profilometer 
tests.

Influence of Cell Wall Perforations

Perforations are typically added to the walls of commercial 
geocells to enhance their interaction with fill materials and 
allow free water flow through the geocell wall. However, an 
excessive area of perforations may compromise the tensile 
strength and stiffness of the cell walls as well as the interac-
tion with the fill material.

Figure 7 shows the results of DS tests conducted to assess 
the influence of the number of perforations, represented 
by the ratio between the sum of the perforated area (Ah), 
with each hole measuring 10 mm in diameter, and the cell 
wall area (Aw). Table 1 provides the fraction of perforation 
(Ah/Aw) for the geocells utilized in this research.

The results in Table 1 and in Fig. 7 indicate that the 
presence of 10-mm-diameter perforations in the smooth 

Fig. 6   Influence of fill material and roughness pattern on tanδ/tanφ 
ratio

Fig. 7   Influence of perforation 
fraction on tanδ/tanφ ratio
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wall Geocell AS, which accounts for 10% of the total area, 
lead to an increase in the interface friction angle from 25° 
to nearly 30° for both tested soils, yielding a 20% improve-
ment. This increase corresponds to tanδ/tanφ ratio values 
equal to 25 and 18%, respectively, for soil 1 and soil 2. 
The increase in interface shear strength can be attributed 
to the additional interlocking provided by the perforations 
(similar to that of a very high texture pattern) against the 
geocell wall. This interaction may also be interpreted as 
the passive resistance component that develops in trans-
verse ribs of geogrids [66]. Since the Geocell AS sample is 
smooth, the presence of a perforation pattern of up to 10% 
of the specimen area generates higher surface roughness, 
thereby increasing its frictional efficiency and generating 
higher interface friction angles than the results of interface 
testing without perforations, regardless of soil type.

For the textured geocells with comparatively “rigid 
walls” (samples A, B and C), the presence of perforations, 
characterized by perforations fraction of 6%, 8% and 10%, 
did not result in significant changes in the interface fric-
tion angle and tanδ/tanφ ratio. Furthermore, the results 
in Fig. 7 show a slight decrease in frictional efficiency 
for increasing the perforation fraction from 0 to 10% of 
the sample area for Geocell B, particularly for soil 1, and 
a slight increase in the tanδ/tanφ ratio for increasing the 
perforation fraction from 0 to 10% of the sample area for 
Geocell C for the same soil. This contrasts with the trends 
observed for smooth wall geocells. For the textured geocell 
walls, the roughness pattern provides relevant interaction 
between the cell wall and soil. Adding perforations to the 
cell walls eliminates areas with high interaction, leading 
to a reduction in frictional efficiency and, consequently, 
lower interface friction angles. However, as the trend in 
the results in Fig. 7 reveals, the decrease in the interface 
friction angle for perforation fraction up to 10% was only 
marginal. For perforation fractions greater than 10%, there 
was a significant reduction in the interface friction angle 
and ratio of the interface friction angle to soil friction 
angles. Results from tests on Geocells A and B with a 12% 
perforation fraction for both soils indicated that only a 
slight decrease in the perforation fraction from 10 to 12% 
generates a high reduction in the tanδ/tanφ ratio—approxi-
mately 10% for both geocells walls in soil 1 (Fig. 7).

Considering that commercial geocells typically involve 
textured walls, the potential detrimental effect of a high 
number of perforations may have relevant practical impli-
cations. Specifically, the potential detrimental effects on 
the strength and rigidity of the cell (due to the reduced 
material area) as well as its frictional efficiency should 
be carefully evaluated. The tests conducted for this study 
indicated a loss of interface frictional efficiency beyond 
an upper limit of an approximately 10% perforated area.

Conclusions

This paper presents the results of laboratory direct shear 
(DS) tests conducted between geocell walls and various 
infill materials. Geocells from five different manufacturers, 
which adopted high-density polyethylene (HDPE), novel 
polymeric alloy (NPA) and polypropylene (PP) nonwoven 
geotextiles, were tested under different compaction condi-
tions using two soil types (coarse and fine-grained soils) 
and grout. The testing program also involved varying the 
geocell wall texturing conditions and the number of perfo-
rations. Texture parameters were evaluated using a surface 
roughness profilometer. Analysis of the experimental results 
of the experimental program conducted to characterize the 
interface friction angles under both the peak and post-peak 
conditions led to the following conclusions:

•	 The interface friction angles obtained from tests involv-
ing textured, non-perforated geocell walls and soils were 
relatively high, leading to interface friction efficiency 
values (tanδ/tanφ) ranging from 0.83 to 0.94 for all the 
geocells tested in this study.

•	 A significant reduction in interface friction angles was 
observed for smooth non-perforated wall geocells, result-
ing in a tanδ/tanφ ratio of approximately 0.55, which 
represents an approximately 30% reduction in efficiency 
when compared to the same geocell with textured walls.

•	 The tanδ/tanφ ratio ranged from 0.70 to 0.97, with inter-
face friction angles between 20° and 27°, for interfaces 
involving grout and geocell textured walls.

•	 For the geocell wall materials evaluated in this study, the 
large-displacement interface friction angle was slightly 
smaller than the value corresponding to the peak condi-
tion, resulting in reductions of approximately 10% for 
geocells with textured walls and no reductions for those 
with smooth walls.

•	 Perforations totaling up to 10% of the cell area were 
found not to compromise interface shear strength. How-
ever, increasing the perforation fraction from 10 to 12% 
showed a decrease in interface friction of almost 10%.

•	 A comparison of surface roughness profilometer results 
with the interface friction angles obtained from DS tests 
revealed that the type of texture only had a marginally 
influence on the frictional capacity of the geocell materi-
als evaluated in this study. Instead, the actual presence 
of texture was found to be particularly significant, inde-
pendent of the texturing pattern.

•	 Although different variables could influence the interface 
friction angle between the geocell walls and the infill 
materials, the results of this experimental program sug-
gest that optimal frictional characteristics are achieved 
with textured and perforated cell walls, with a limited 
perforation fraction of up to 10%.
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