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ABSTRACT 

 

Geosynthetics, and in particular geogrids, have been used as stabilization and reinforcement in 

various geotechnical engineering applications such as pavements, retaining walls, and 

embankments. For pavement applications, radial stiffness is important due to the three-

dimensional nature of wheel loading. Traditional products, such as commercially available 

uniaxial and biaxial geogrids exhibit lower stiffness in non-rib directions than in rib directions, 

which is not ideal for distributing wheel loading. Therefore, multi-axial directional geogrids have 

emerged in the market. In addition, manufacturers and researchers have recently introduced next-

generation geogrids with multiple opening sizes including spider-web inspired geogrids, amongst 

other factors. Considering the multi-axial variable opening geometry, it is essential to identify the 

radial tensile properties of these materials. In practice, manufacturers and designers perform 

uniaxial tensile tests to characterize the strength and stiffness of geogrids. However, this loading 

condition does not represent multi-axial in-plane loading due to applied wheel loading. Therefore, 

it is crucial to investigate geogrids’ multi-axial tensile properties appropriately. The work 

presented herein represents the first step towards a more holistic approach to multi-axial tensile 

testing. Specifically, careful design of the test specimen to ensure uniform stress and strain 

conditions are created is crucial. Finite Element Analysis (FEA) is thus performed for multi-axial 

tensile testing on triaxial geogrids, and the resulting stress-strain distribution is analyzed for 

different specimen configurations. 

 

INTRODUCTION 

 

Geogrids are polymer structures widely used in geotechnical engineering applications for 

stabilization and reinforcement. Over the years, various types of geogrids have been manufactured, 

such as uniaxial, biaxial, and triaxial. The evolution of geogrids involved altering the rib directions 

and incorporating ribs in multiple directions to achieve higher stiffness across different 

orientations. In recent years, geogrid designs have evolved significantly, moving from traditional 

hexagonal unit cell structures with triangular openings to more complex configurations 

incorporating hexagonal, trapezoidal, and triangular openings. These advancements aim to 

enhance the mechanical performance of geogrids in stabilization applications. Building upon this 

progress, researchers have explored bio-inspired designs, such as spider-web-inspired geogrids, to 

replicate the efficient load distribution and resilience found in natural systems (Peralta et al., 2019; 

Frost & Oner, 2024). Such bio-inspired approaches embody the principles of bio-inspired 
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geotechnics, emphasizing sustainable and innovative engineering solutions. The specimens in this 

study represent "next-generation" multi-axial geogrids because they incorporate these bio-geo-

inspired design principles, aiming to achieve superior interaction with aggregate materials and 

enhanced performance in geotechnical applications.  

The multi-axial geogrid test concept can be particularly important in pavement applications, where 

wheel loading induces three-dimensional stress conditions. In such cases, radial stiffness is crucial 

for determining the extent of lateral confinement in an aggregate layer (Yang, 2012). Traditionally, 

radial stiffness has been measured through uniaxial tests on specimens cut in different directions. 

However, this approach does not accurately represent the multi-axial loading conditions 

encountered in the field. Therefore, a better testing protocol is needed considering the significant 

effort involved in designing next-generation bio-inspired geogrids. 

Multi-axial tensile testing, specifically biaxial tensile testing, has been applied to various 

materials, such as sheet metals, composites, and polymers (Kodaira et al., 2022; Schemmann et 

al., 2018; Swanson et al., 1988). The testing methods include controlling the loading paths using 

internal and/or external pressure in combination with axial loads (Choo & Hull, 1983) or clamping 

the material along different axes (Carvelli, 2021). One major challenge in biaxial tensile testing is 

achieving uniform strain and stress distribution to directly obtain the stress-strain relationship from 

the experiment. Extensive experimental and numerical studies have been conducted to design 

specimens that achieve homogeneous strain and stress distribution. The most common specimen 

geometry is cruciform, with modifications to the sleeves, specimen thickness, and corner radii 

(Deng et al., 2015; Miková et al., 2022; Moncy et al., 2019). Figure 1 shows an example of a 

biaxial tensile testing specimen, where the sleeves have slots, the central area is thinner than the 

sleeves, and the corners are rounded. Another challenge is preventing premature failure in the 

sleeves due to stress concentration at the corners. However, this study will not focus on this issue, 

as the large strain properties of geogrids are not critical for pavement applications. 

 

 
Figure 1. Example biaxial tensile test specimen (Deng et al., 2015) 

In this work, preliminary three-dimensional Finite Element Analysis (FEA) was conducted 

to simulate multi-axial tensile tests on triaxial geogrids. Unlike previous studies, a new loading 
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path involving three primary loading directions was investigated. The stress and strain distributions 

were analyzed and presented for specimens with different modifications. 

MODEL DESCRIPTION 

 

An elastoplastic material model with isotropic hardening was employed. One of the key 

features of this model is its ability to represent the nonlinear tensile response of geogrids, as shown 

in Figure 2. The analysis was conducted using ABAQUS software, which allows the 

decomposition of elastic and plastic regions. The first step involves converting nominal stress and 

strain to true stress and strain using Eq 1. and Eq 2. 
𝜖𝑡𝑟𝑢𝑒 = ln(1 + 𝜖𝑛𝑜𝑚) 𝐸𝑞. 1

 
 

𝜎𝑡𝑟𝑢𝑒 = 𝜎𝑛𝑜𝑚(1 + 𝜖𝑡𝑟𝑢𝑒) 𝐸𝑞. 2  
where 𝜖𝑡𝑟𝑢𝑒 is true strain, 𝜖𝑛𝑜𝑚 is nominal strain, 𝜎𝑡𝑟𝑢𝑒 is true strain and 𝜎𝑛𝑜𝑚 is nominal strain. 

The decomposition of true strain into elastic and plastic components is shown in Figure 3(a). 

 

 
Figure 2. Uniaxial tensile test result 

 

 

 

 

 

 

 

 

 

 

 

(a) 
 

(b) 

Figure 3. (a) Elastic and plastic regions (ABAQUS, 2013), (b) yield stress vs. plastic strain 

for hardening rule 

 

0

10

20

30

40

50

60

0 2 4 6 8 10 12 14 16

L
o
a
d

 (
k

N
/m

)

Axial Strain (%)

0

5

10

15

20

25

30

0.008 0.028 0.048 0.068 0.088 0.108 0.128

Y
ie

ld
 S

tr
e
ss

 (
M

P
a
)

Plastic Strain

0

2

4

6

8

10

0 5 10 15 20 25

T
r
u

e
 S

tr
e
ss

True Strain𝜖𝑝𝑙  𝜖𝑒𝑙  

𝜖𝑡  

ICBBG2025-58: Design Considerations for Multi-axial Tensile Testing of Conventional and Next-Generation Geosynthetic
Specimens

3



 

 

Elastic strain is calculated by Eq. 3. 

𝜖𝑒𝑙 =
𝜎𝑡𝑟𝑢𝑒

𝐸
𝐸𝑞. 3  

where 𝜖𝑒𝑙  is elastic strain, and E is Young’s modulus.  

 

The elastic modulus was determined experimentally to be 465 MPa from the experimental 

result (Figure 2). Poisson’s ratio has been reported as 0.3 in several studies (Hussein & Meguid, 

2016; Kwon et al., 2008). Yang (2012) analytically calculated Poisson’s ratio for triaxial geogrids 

and reported it as 0.333. In this study, a Poisson’s ratio of 0.3 was used. Ongoing work is focused 

on designing an experimental setup to perform uniaxial, biaxial, and triaxial tensile testing, after 

which selection of an appropriate Poisson’s ratio will be re-evaluated. Additionally, the material 

was assumed to be isotropic to simplify the model. However, this assumption will also be reviewed 

after conducting multi-axial tensile tests. Plastic strain is calculated by subtracting elastic strain 

from true strain. Yield stress vs. plastic strain data (Figure 3b) is provided for hardening rule. 

Von Mises yield criterion was used for plasticity. The material starts yielding when equivalent 

von Mises stress (described in Eq 4.) equals to yield stress. 

𝜎𝑒 = √𝐽2 = √
(𝜎11 − 𝜎22)2 + (𝜎22 − 𝜎33)2 + (𝜎33 − 𝜎11)2

2
𝐸𝑞. 4  

where J2 is the second invariant of deviatoric tensor. 

𝐽2 =
1

6
[(𝜎11 − 𝜎22)2 + (𝜎22 − 𝜎33)2 + (𝜎33 − 𝜎11)2] 𝐸𝑞. 5  

The yield function is described in Eq. 6. 
𝑓(𝜎) = 3𝐽2 − 𝜎𝑦 𝐸𝑞. 6  

where 𝜎𝑦 is yield stress. 

 

GEOMETRY AND BOUNDARY CONDITIONS 

The simplified geometry and dimensions of the model geogrids are shown in Figure 4(a). 

Figure 4(b) provides a detailed geometry that more closely resembles an existing manufactured 

product. In both geometries, the junctions and ribs have a uniform thickness of 2 mm. The detailed 

geometry includes a fillet, whereas the simplified geometry omits it. A comparison of the FEA 

results for these geometries is presented in the following sections. 

 

 
(a) 

 
(b) 

Figure 4. Geogrid geometry and dimensions. (a) simplified, (b) detailed 
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The biaxial and triaxial testing specimens with boundary conditions are illustrated in 

Figures 5a and b. The clamps are assumed to be ideal, allowing no rotation or movement except 

in the loading direction. Prescribed displacements are applied at a strain rate of 10% per minute. 

The corresponding displacement rate is calculated using the gauge length of the inner area. The 

maximum displacement at the clamp locations is 15 mm. Displacements are applied in all 

directions as described by Hangen et al. (2008) to prevent movement of the specimen’s center 

point, which could otherwise cause distortion and lead to a heterogeneous stress distribution. For 

meshing, an eight-node brick element with reduced integration (C3D8R) was used. A comparison 

between the C3D8R and the standard eight-node brick element (C3D8) showed no significant 

difference in the results. The meshed geometry is shown in Figure 5(c). 

 

 
(a) 

 
(b) 

 

 
(c) 

Figure 5. Multi-axial tensile testing specimens, (a) biaxial loading case, (b) triaxial loading 

case, (c) meshed geometry 

 

RESULTS AND DISCUSSION 

 

The initial investigation focused on the effect of geogrid node geometry. Biaxial tensile 

tests were simulated for the node geometries shown in Figures 5(a) and 5(b). The horizontal rib at 
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the upper left corner (highlighted in Figure 5a) was analyzed as it is a location where stress 

concentration typically occurs. Figure 6(a) shows the vertical displacement profile, while Figure 

6(b) presents the equivalent von Mises stress from the center of the left node to the right node. The 

results indicate that incorporating a radius does not significantly affect the outcome, so the 

simulations were continued using the simplified geometry. 

 

 
(a) 

 
(b) 

Figure 6. Comparison of simplified and detailed geometries, (a) Vertical displacement 

profile, (b) Stress profile 

The slot concept from the literature was adopted for the geogrid geometries. Given that the 

material geometry is grid-like and predefined, there is limited flexibility in modifying features 

such as corners or thickness. Consequently, inclined or horizontal ribs are often removed in 

different locations. Figure 7 illustrates the geometries that were investigated. Figure 7(a) shows an 

unmodified triaxial geometry. The highlighted hexagon represents the region of interest (ROI) 

where stress distribution was evaluated. Figures 7(b) and 7(c) display modified geometries where 

rows of inclined ribs perpendicular to the loading directions were removed. This approach was 

intended to mimic the slotted-arm concept to achieve better stress distribution along the ROI 

boundaries. Figure 7(d) shows another approach where ribs at the hexagon’s boundary were 

removed. Figure 7(e) presents a further iteration where, in addition to removing the horizontal ribs, 

the ribs shown in red were also removed. This modification aimed to decouple force transfer 

between the sleeves. The ROI for this geometry was also adjusted, as highlighted in Figure 7(e). 

Figure 7(f) is an iteration of the original geometry, but with the ribs connecting the arms removed. 
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(a) 

 
(b) 

 
(c) 

 
 
 
 
 
 
 
 
 
 
 
 
(d) 

 

 

 

 

 

 

 

 

 

 

 

 

(e) 

 
 
 
 
 
 
 
 
 
 
 
 

(f) 

Figure 7. Different specimen geometries for multi-axial tensile testing, (a) baseline 

geometry, (b) slotted geometry (two rows), (c) slotted geometry (three rows), (d) no ribs at 

the hexagon level, (e) no ribs at the corner and hexagon level, (f) no ribs at the corner 

ROI 

Removed ribs  
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Figure 8. Stress distribution example for reference geometry 

Figure 8 shows a screenshot of the stress distribution for the highlighted section in the 

reference geometry. For each rib (horizontal or inclined), the equivalent von Mises stress at the 

center of the rib was considered. The average stress and coefficient of variation (COV) of the stress 

were determined, considering all the ribs within the ROI. For the reference geometry (Figure 7a), 

the COV was 8.8% and the average stress was 8.8 MPa. This result was used as a baseline for 

comparison with the modified geometries. The first iterations of the baseline geometry are shown 

in Figures 7(b) and 7(c), where two and three rows of inclined ribs were removed. The average 

stresses were 7.83 MPa and 7.30 MPa, respectively, with COVs of 13% in both cases. These results 

indicate that the slot-like concept worsened the stress distribution and force transfer. In the next 

case, where the ribs at the hexagon boundary were removed (Figure 7d), the average stress and 

COV were 9.36 MPa and 12.8%, respectively. An iteration of this geometry (Figure 7e), in which 

the highlighted ribs were removed to achieve force decoupling between the sleeves, performed 

better. The average stress was 9.09 MPa, and the COV was 6.8%. Finally, the last geometry (Figure 

7f) performed slightly worse than the previous iteration, with an average stress of 9.13 MPa and a 

COV of 7.2%. Among all the geometries, Figure 7(e) resulted in the lowest COV at 6.8%. 

Although there is no current standard for multi-axial tensile testing for geogrids, this result 

suggests a relatively homogeneous stress distribution. 

 

CONCLUSION 

 

Significant effort is required to develop new multi-axial geogrids, including bio-inspired 

geogrids. However, these new geogrid structures require new testing methods beyond what 

currently exists. This study presents the initial steps toward specimen design for multi-axial tensile 

testing of geogrids. A series of FEA simulations were conducted on various geogrid specimens to 

investigate stress distribution in the ROI. The results indicated that the slit-like concept did not 

enhance stress distribution. The best performance was achieved by removing the outer ribs at the 

hexagon’s perimeter and the ribs connecting the sleeves. This conclusion is based on the 

assumption of isotropic material properties. Ongoing work is focused on developing a multi-axial 

tensile testing apparatus. In the future, with the availability of multi-axial tensile test data, the 

model can be updated. This study highlights how changes in the geometrical features of the 

specimen influence stress distribution. 
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