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ABSTRACT  

 
Geocells are polymeric inclusions filled with granular soil, providing excellent load support through 
confinement and beam effects. While the geometry of geocells has undergone several transformations 
over the years, their engineered configuration remains unchanged. This study modifies geocells with an 
anchor cage system (GAC), where each geocell has a central anchor pin, and these pins are connected to 
a basal grid to form a cage. In the present study, triaxial compression tests were carried out to quantify the 
improvement in the strength and stiffness of sand confined in a geocell with GAC. A series of triaxial tests 
were conducted on unreinforced (UR) sand, geocell reinforced (GR) sand, and geocell-grid reinforced 
(GGR) sands for comparison. In this study, geocell, grid, and GAC were fabricated using 3D printing 
technology. GAC sands were found to have pronounced improvement in strength and stiffness 
characteristics than GR and GGR sands. GAC sands induce significant apparent cohesion in the sand 
while maintaining an internal friction angle similar to the other soils. The apparent cohesion in GAC sands 
is about 1.6 times and 1.5 times greater than that in GR and GGR sands, respectively. The improved 
strength and stability of geocell reinforcement with the inclusion of the GAC system pave the way for its 
future application in high speed railways and heavy duty highways. 
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1 INTRODUCTION  

Geocells, three dimensional (3D) network of 
interconnected polymeric cells, by virtue of their 
shape, size, and configuration, provide excellent 
support for various geotechnical structures such as 
embankments, foundations, pavements, slopes, 
and retaining walls (Krishnaswamy et al. 2000; 
Dash et al. 2001; Hegde 2017). Over the years, 
geocells have undergone several geometric 
transformations to attain the current versatile form 
of honeycomb shaped cells (Krishna and Latha 
2023). From fabricated on-site using planar 
geosynthetics using bodkin joints, resins and 
adhesives, ready to use factory made 
ultrasonically welded geocells are available now in 
different sizes, configurations, and mechanical 
properties. The shape of geocells has strategically 
evolved from square, circular, hexagonal, and 
diamond to the current honeycomb shape. The 
material has also evolved from paper, metal strips, 
and wood to present day polymers such as high 
density polyethylene (HDPE) and novel polymeric 
alloy (NPA).  Though geocells have undergone 
several transformations over the years, the 
engineered structure of geocells remained the 
same, with interconnected cells and infill. Recently, 
the authors have proposed a structural 
modification to geocells called geocell anchor cage 

system (GAC) (see Fig. 1a), in which each geocell 
has an anchor pin at its center, and these pins are 
connected to the basal grid to form a cage-like 
system (Latha et al. 2024). The current study 
involves the quantification of the strength and 
stiffness of sand confined in geocells with GAC 
and compares their performance with the 
conventional geocells and geocell-grid 
combinations through triaxial tests. The inclusion 
of anchor cages within the geocells extends their 
applicability to heavy load supports such as high 
speed railways and heavy duty highways with the 
least additional cost. 

2 FABRICATION OF ANCHOR CAGES 

In this study, GACs were fabricated using 3D 
printing technology. A fused deposition Modeling 
printer, working on the liquified polymerization 
technique, was used. GACs were printed from poly 
lactic acid (PLA) material. The photograph of GAC 
used for triaxial tests is shown in Fig. 1b. The 
diameter of the pin is 1/7 the diameter of the 
geocell, and their height is kept equal to the height 
of the geocell. About 90% of the pin height, a 
helical texture is provided, and the remaining 
portion comprises a sharp conical tip, as shown in 
Fig. 1b. The basal grid to which the pin is 
connected has a rib thickness of 2.5 mm and rib 
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depth of 2 mm. To replicate the behavior of 
commercial geocells in small scale tests, the 
geocells used in the current study were also 
fabricated using 3D printing technology with 
polypropylene (PP) material. PP sheets were 
printed first and then ultrasonically welded to form 
the honeycomb shaped geocells of 70 mm pocket 
size diameter. In this study, PP sheets were 
printed in diagonal orientation (45° with horizontal) 
in two layers, with each layer of 0.2 mm thickness, 
with a printing speed of 40 mm/s and an infill 
density of 100%.  For geocells, an aspect ratio 
(cell height to pocket size diameter) of 1.0 is 
adopted in the current study. 
 

 

Fig. 1. Geocell anchor cage (GAC) system (a) GAC placed 
below the geocell mattress; (b) GAC used in triaxial test; (c) 
3D printed geocell for triaxial test. 

3 MATERIALS USED 

Locally available river sand was used in the 
current study, which is classified as poorly graded 
sand (SP) under the Unified Soil Classification 
System. The sand has an effective opening size 
(D10) of 0.32, a coefficient of uniformity (Cu) of 3.31, 
and a coefficient of curvature (Cc) of 0.88. The 
maximum and minimum unit weights of the sand 
were, respectively, 14.82 kN/m3 and 17.47 kN/m3. 
In the present study, the various specimens were 
prepared by filling a predetermined sand quantity 
into the sample mold in different layers. All the 
different samples were compacted manually to 
achieve a uniform relative density of 75%.   

For 3D printed geocells, the wide width tensile 
strength of the parent PP sheet, determined 
according to ASTM D 4595 guidelines, is 2.9 kN/m. 
Shear strength and peel strength of the ultrasonic 
welded junctions were respectively 3.2 kN/m and 
2.3 kN/m. 

4 TEST PROCEDURE  

Unconsolidated undrained (UU) tests were 
carried out in a static triaxial setup with a specimen 
size of 140 mm in height and 70 mm in diameter. 
Triaxial compression tests were conducted on 
geocell reinforced (GR) sand, geocell-grid 
reinforced (GGR) sand, and geocell-GAC (GAC) 
reinforced sand to quantify the effectiveness of 
GAC over geocells and geocell-grid combinations. 
In GR tests, tests were conducted on sand 
confined in a single honeycomb shaped geocell 
with a diameter of 70 mm and a height of 70 mm. 
In the GGR test, the basal grid in GAC without the 
pin was placed beneath the geocell. In GAC, the 
anchor cage, shown in Fig. 1b, was placed below 
the geocell, with the pin placed in the upward 
direction. All the different samples were prepared 
in a two-part split mold under dry conditions. The 
specimens were enclosed in a rubber membrane 
of 0.2 mm thickness. During the preparation of the 
reinforced specimens, the pocket size of geocells 
was kept slightly smaller than the mold diameter to 
prevent membrane rupture. Unreinforced (UR) 
tests were also conducted to quantify the 
improvement in the strength and stiffness of sands 
relative to various reinforcements. In all the tests, 
axial load was applied at a strain rate of 0.7 
mm/minute. A schematic representation of 
different specimens tested in the current study is 
shown in Fig. 2.  
 

 

Fig. 2. Different specimens used in the current study (a) 
unreinforced sand; (b) geocell reinforced sand; (c) 
geocell-grid reinforced sand; (d) geocell-GAC reinforced 
sand 

5 RESULTS AND DISCUSSIONS 

The stress-strain plot of different specimens at 
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50 kPa confining stress is shown in Fig. 3. The 
sand with geocell-GAC inclusions has taken higher 
deviatoric stress compared to that confined with 
conventional reinforcements such as geocells and 
geocell-grid combinations. The p-q diagram of 
various sands is plotted and shown in Fig. 4. In the 
p-q diagram, p is the mean normal stress ((σ1 + 
σ2)/2), and q is the shear stress ((σ1 - σ2)/2). σ1 is 
the major principal stress, and σ2 is the minor 
principal stress. The c-ϕ values of different 
specimens obtained from the regression analysis 
are given in Table 1. 
 

 

Fig. 3. Deviatoric stress versus axial strain plot of different 
sands at 50 kPa confining stress. 

 

UR sand is found to be cohesionless with an 
interface friction angle of 40°. Intrudingly, all the 
reinforced specimens have friction angles almost 
similar to that of the UR sand but with varying 
cohesion values. Since the dry sand is 
cohesionless, the cohesion value in various 
reinforced sands is due to the apparent cohesion 
imparted to the sand with the inclusion of geocell, 
grid, and GAC. The apparent cohesion of GR, 
GGR, and GAC sands were respectively 21.7 kPa, 
23.8 kPa, and 34.9 kPa. The cohesion mobilized in 
the GAC sand is about 1.6 times and 1.5 times 
greater than that of the conventional GR and GGR 
sands. In GR sands, the all around confinement 
offered by the geocell provides an apparent 
cohesion to the sands. In GGR sands, the grid 
placed below the geocell provides additional basal 
confinement to the infill sand, thus inducing greater 
cohesion than GR sand. The shear resistance 
mobilized at the sand-pin interface develops 
confining stress in addition to that mobilized at the 
sand-geocell interface. The apparent cohesion 
developed in GAC sands has contributions from 
the confinement stresses mobilized by geocell, 
grid, and pin, thus resulting in greater improvement 
in the strength and stiffness of sands compared to 
GR and GGR sands.  

The reinforcing efficiency of various 
reinforcements is quantified in terms of strength 
ratio. The strength ratio is defined as the ratio of 
peak deviatoric stress developed in the reinforced 
sand to that developed in the unreinforced sand at 
similar confining stress. The variation of strength 
ratio with the confining stress at the peak stage is 
shown in Table 2. Regardless of confining stress, a 
strength ratio greater than 1.0 is observed for all 
reinforcements, indicating an improvement in the 
strength of sands with the inclusion of different 
reinforcements. Among the various 
reinforcements, the strength ratio of GAC sands 
was higher compared to GR and GGR sands. 
Further, table 2 shows that the strength ratio 
decreases with an increase in confining stress 
regardless of the type of reinforcement, indicating 
greater reinforcing efficiency at lower confining 
stresses than at higher confining stresses.  
 
Table 1. Shear strength parameters of different sands. 

Test type Angle of internal 
friction, ϕ (°) 

Apparent 
cohesion, c (kPa) 

UR 40.0 - 
GR 41.1 21.7 
GGR 41.3 23.8 
GAC 41.5 34.9 

 

 

Fig. 4. p-q diagrams of different sands. 
 

In addition to strength, there is a corresponding 
improvement in the stiffness of sands with GAC 
inclusions, as evidenced by the steeper 
stress-strain curves in Fig. 3. The stiffness 
response of various sands at 50 kPa confining 
stresses is provided in Fig. 5. All reinforced sands 
have better stiffness than the UR sand. Among the 
various reinforced sands, the stiffness offered by 
the GAC sand is the highest, followed by GGR and 
GR sands. Because of the additional confinement 
offered by geocell, grid, and pin, the maximum 
deviatoric stress occurred at greater strains in 
GAC sands, as seen in Fig. 3. This is similar to UR 
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sand developing maximum deviatoric stress at 
higher strains at higher confining stress. Hence, 
the inclusion of GACs beneath the geocells has 
greater improvement in the stiffness of sand 
compared to the sand confined in conventional 
reinforcements such as geocell and geocell-grid 
combinations. 
 
Table 2. Strength ratio of different sands at various 
confining stresses. 

Test type Confining stress (kPa) 

50  100 150 

GR 1.67 1.38 1.19 
GGR 1.74 1.42 1.21 
GAC 2.06 1.57 1.30 

 

 

Fig. 5. Stiffness versus axial strain of different sands at 50 
kPa confining stress. 

 
Table 3 shows the surface area of 3D printed 

material used in various reinforced tests.  GAC 
sands achieve a 60% higher apparent cohesion 
than GR sands, with only a 23% increase in 
material usage. Thus, GAC sands can support 
heavier loads than GR sands with the least 
additional expenses. It also minimizes resource 
consumption and reduces carbon footprint, 
aligning with sustainable construction practices. 
 
Table 3. 3D printed material used in various reinforced tests 

Test type Surface area (cm2) 

GR 148.4 
GGR 160.8 
GAC 182.9 

6 CONCLUSION 

In the current study, geocells are structurally 
modified using a geocell anchor cage (GAC) 
system. Triaxial tests were conducted to quantify 
the effectiveness of sand with geocell-GAC 

inclusions, compared to the conventional geocells 
and geocell-grid combinations. Tests on 
unreinforced sand were also conducted for 
comparison. The shear strength parameters of 
different sands from the p-q plots show that the 
inclusion of GAC beneath the geocell has 
improved the strength and stiffness of sand, 
followed by geocell-grid and geocell. This 
modification suggests the applicability of geocells 
to heavy load support with the least additional cost. 
The conclusions drawn from this study are as 
follows: 

1. The inclusion of different reinforcements 
such as geocell, geocell-grid, and geocell-GAC 
imparts apparent cohesion to sand. 

2. Among the various reinforced sands, the 
greatest apparent cohesion is mobilized in 
geocell-GAC, followed by geocell-grid, and the 
least in geocell reinforced sand. The apparent 
cohesion mobilized in geocell-GAC sand is about 
1.6 times greater than geocell sand and 1.5 times 
greater than geocell-grid sand. 

3. All reinforced sands have an internal 
friction angle similar to that of unreinforced sand.  
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