
Review

Journal of Thermoplastic Composite
Materials
2022, Vol. 0(0) 1–20
© The Author(s) 2022
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/08927057221123474
journals.sagepub.com/home/jtc

Effect of different forms on
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Abstract
Plastic materials are widely used as geosynthetics. The use of plastic products poses a
serious environmental risk due to their degradation. Aiming at the environmental
problems caused by the difficulty of direct degradation of traditional plastic geogrid and
the effects of material filling ratios, material filling forms, mesh shapes and tensile rates on
the mechanical properties of geogrids. Based on 3D printing technology, polylactic acid
(PLA) geogrid was prepared, and indoor tensile tests of polylactic acid geogrid were
carried out. The effects of material filling ratios, material filling forms, geogrid geometries
and tensile rates on the mechanical properties of geogrid are analyzed. The test results
showed that PLA can be used as an environmentally friendly material for making geogrids
and can reflect the mechanical properties of different geogrids. The triaxial geogrid had
the greatest tensile strength, while the uniaxial one had the least. The tensile strength of
triaxial and biaxial geogrids increased with the increase of tensile rates, while uniaxial
decreased and then increased. The elongation at break of uniaxial and triaxial geogrids
increased with increasing tensile rates, while biaxial increased and then decreased. With
the increase of filling ratios, the tensile strength of geogrid increased and then decreased.
For the line 45 angle printed geogrid, the elongation at break increased first and then
decreased and finally increased.
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Introduction

In recent years, geogrids have been widely used in geotechnical engineering.1 Geogrid
plays an important role in engineering, mainly through its tensile strength to bear the load.
Therefore, tensile strength has become an important index to measure the performance of
geogrid.2 The study of the tensile strength of geogrids has also become a major project,
and the most commonly used test method is the indoor tensile test. In terms of indoor
tensile tests, Yang et al.3 investigated the effect of different tensile rates on the tensile
properties of HDPE geogrids of three strengths through indoor tests. Hsieh and Lin4

conducted tensile tests by using single-width geogrids and wide geogrids at different rate
conditions. Chantachot et al.5 conducted a series of tensile tests on two different geogrids
using different load and temperature conditions to evaluate the effect of ambient tem-
perature on their load-strain-time behavior. Zhou et al.6 summed up the variation law of
tensile strength and elongation of geogrids by tensile tests on different forms of geogrids.

However, most of the traditional geogrids are made of polypropylene, polyvinyl
chloride and other polymers through thermoplastic or molding. Polypropylene and
polyvinyl chloride are difficult to degrade directly and pollute the environment.7 In the
recent 10 years, biodegradable materials as biopolymers instead of synthetic materials
have attracted more and more attention all over the world. This urges the scientific and
industrial circles to find a good and cost-effective method to replace traditional materials
in some engineering applications.8 Singh et al.9 recycled thermoplastic materials and
manufactured energy storage devices (ESD) through 3D printing technology, which
confirmed that the prepared ESD has higher thermal stability and mechanical properties.
Several researchers10–12 extracted bamboo fiber to synthesize geosynthetics. Zhang
et al.13 verified the applicability of bamboo reinforcement by tendon tensile test and
reinforced soil interface friction test and also selected bidirectional plastic geogrid as
reinforcing material for comparative analysis. Hegde and Sitharam14,15 discussed the
ultimate bearing capacity of the clay bed that is reinforced with bamboo cell and geogrid
and determined that the ultimate bearing capacity of the clay bed reinforced with bamboo
cell and geogrid was 1.3 times greater than that of a clay bed reinforced with a geocell and
geogrid. Polylactic acid is an environment-friendly material. Among the fully biode-
gradable polymers, the poly (lactic acid) or polylactide is certainly the most promising.8

Polylactic acid is a thermoplastic, high-strength and high-modulus polymer16 that has
already been used in large-scale production and commercialized for a wide range of fields
such as food technology, medical engineering, pharmaceutical, packaging and agricul-
ture, thanks to its huge versatility.17

3D printing has become a revolutionary technology since its emergence in the mid-
1980s.18 Yamato et al.19 studied the mechanical properties of open hole tensile specimens
made of 3D printed continuous carbon fiber reinforced thermoplastic. Sabarinathan
et al.20 studied the effects of various process parameters after filling hexagonal lattice
structure in 3D printing PLA polymer materials on structural characteristics, such as
filling density, layer thickness and printing temperature. Recently, 3D printing has also
been adopted in geotechnical research. Geetha et al.21 made a 3D concrete model and a
geogrid model, which proposed the optimization effect of Geogrid on the interlayer
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stability and flexural strength of concrete. Most scholars have only made use of 3D
printing technology to create geogrids, but there has been little research into the way the
material is filled. Stathas et al.22 fabricated a small geogrid model by a 3D printing method
using different base resins to study its geometry and tensile properties under working
conditions. Fowmes et al.23 fabricated a geomembrane model using polymers through
rapid prototyping technology. They studied the effect of the spacing and height of
microbumps on the geomembrane surface on the shear properties of the geomembrane-
sand interface. Cislaghi et al.24 fabricated the uniaxial prototype geogrid made of PLA-
based polymer mixed with titanium dioxide by 3D printing technology and discussed the
potential of biopolymer in the production of geogrids. Nabeel et al.25 manufactured a
lightweight porous composite structure with continuous carbon fibers through 3D printing
technology, and examined and explored its fracture interface through tensile tests.

In view of the environmental problems caused by the difficulty of direct degradation of
traditional geogrid raw materials, most of the research on the mechanical properties of
geogrids is still focused on uniaxial and biaxial geogrids, and the research on the me-
chanical properties of triaxial geogrids is not mature enough. In the study of 3D printed
geogrids, most scholars still use 3D printing technology to print the geogrids model to
study the mechanical properties of the geogrids. There has been little research into the
effects of printing parameters. The filling ratios and filling forms of consumables are very
important parameters in 3D printing. The filling ratio indicates the filling ratio of the
consumables inside the printed solid model,26 and different filling forms print out dif-
ferent internal structures of the model. In the currently applied geogrid tensile test
specifications, the tensile rates specified in different specifications for geogrid tensile tests
are not uniform.12

In this context, the purpose of this study is to explore the use of biodegradable
polymers to replace common geogrid raw materials and study its potential and possibility
in geotechnical engineering. Meanwhile, in order to better apply 3D printing technology
to geotechnical engineering, a series of indoor tensile tests were designed from the
perspective of engineering applications, mainly investigating the effects of geogrid form,
speed of tensile tests, 3D printing filling form and filling rate on the mechanical properties
of geogrids.

Experimental

Test equipment

The 3D printed geogrid model was prepared by a PMAX T10000 industrial-grade 3D
printer. The size of the printer was 1700 mm (length) × 1700 mm (width) × 1700 mm

Table 1. 3D printer parameters.

Name Materials Printing speed (mm�s�1) Layer thickness (mm) Nozzle diameter (mm)

3D printer PLA 40 0.2 0.4

Gao et al. 3



(height). The printing accuracy of the printer was 0.1 mm. The specific 3D printer
parameters are summarized in Table 1.

The tensile test was performed with a CTM8050 universal testing machine with a
control accuracy of ±0.1 N and a range of 5000 kN. According to the specification of SL-
235-2012, “Specification for test and measurement of geosynthetics,” the tensile rate was
set to 20 (mm�min�1). The geotextile was clamped to the edge of the fixture to avoid
damage to the geogrid sample, as shown in Figure 1.

Materials

Polylactic acid is an environmentally-friendly polymer material with excellent me-
chanical properties and complete degradability,27–33 which was widely used in geo-
technical engineering and other fields.34 The properties of the material is given in Table 2.

Figure 1. CTM8050 universal testing machine.
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Sample preparation

The first step in sample preparation was to design the object with CAD software. Figure
2(a) shows our designs with the software based on the geogrids used in the actual project.
The second step was to import the CAD 3D model into the CURA software, set the
corresponding printing parameters and perform slicing. Figure 2(b) shows the 3D printed
geogrid model after slicing. Finally, the model obtained by slicing is imported into the 3D
printer and starts to print. A geogrid model takes about 30 min to print, and after the base
plate was removed, the model specimen was obtained, see Figure 2(c). This is consistent
with the approach of Gunasekaran et al.35

The specimen is divided into three forms, and its detailed specifications and per-
formance parameters are shown in Table 3.

Figure 3 shows three different types of geogrid samples, as well as their grid size and
node size.

Test program

In this test, the geogrid models with five filling ratios (5%, 10%, 30%, 50%, and 80%), two
filling forms (line 45 angle filling and line interleaving filling, showed in Figure 4) and three
geometric forms (uniaxial geogrids, biaxial geogrids, and triaxial geogrids) were designed
to be carried out the tensile test at four tensile rates (0.2 mm�min�1, 2 mm�min�1,
10 mm�min�1, and 20 mm�min�1). The test cases are summarized in Table 4.

Calculation of test parameters

The tensile strength, elongation and tensile modulus of geogrid are the main performance
indexes of its mechanical properties. Tensile strength refers to the tensile force that the
material can bear per unit width, in kN�m�1. It is the most important performance index of
geogrid in the reinforced cushion. The elongation of geogrid is expressed as a percentage
of the original length. The tensile modulus represents the deformation resistance of
geogrid in tension. The tensile strength, elongation and tensile modulus of geogrid are as
follows.

T 1 ¼ F ×N

n
(1)

ε ¼ Δl
l

(2)

Table 2. Properties of 3D printing materials.

Material Shape
Tensile
strength (MPa)

Elongation
(%)

Diameter
(mm)

Print
temperature (°C)

Tolerance
(mm)

PLA Filaments 25 4.5 1.75 195–210 ±0.02
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Figure 2. 3D printed geogrid preparation process.

Figure 3. Geogrid sample.

Table 3. 3D printing geogrids technical parameters.

Parameter

Sample

Uniaxial geogrids Biaxial geogrids Triaxial geogrids

Rib length (mm) 200 200 200
Rib width (mm) 3.0 3.0 2.35
Rib thickness (mm) 1 1 1
Node length (mm) 3.0 3.0 2.35
Node width (mm) 3.0 3.0 2.35
Node thickness (mm) 2.0 2.0 2.0
Mesh size (mm×mm) 50×10 10×10 7×7
Mesh shape rectangle square triangle
Material dosage ratio 1 1.35 1.35
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E ¼ Δf
ε

(3)

Where T1 is the tensile strength of geogrid; F is the maximum tensile value of geogrid; n is
the actual number of ribs of geogrid; N is the number of ribs per meter width of geogrid; ε
Is the elongation of geogrid; Δl is the elongation of geogrid; l is the distance between the
edges of two clamps of Geogrid in pre tension state; E is the tensile modulus of geogrid; Δf
is the tensile force between two points in the sample.

Results and discussion

Effect of different geogrid forms

The test results of three forms of 3D printed geogrids under different tensile rates are
shown in Table 5. Based on the experimental data, the tensile strength versus elongation

Figure 4. Schematic of 3D printing technology process.

Table 4. Test cases.

Number Material Filling ratio (%) Filling form Geometric forms
Tensile rate
(mm�min�1)

A PLA 5, 10, 30, 50, 80 Line 45 angle, line
interleaving

Biaxial 2

B 30 Line 45 angle Uniaxial, biaxial,
triaxial

2

C 30 Line 45 angle Biaxial 0.2, 2, 10, 20
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curves of the three forms of geogrids with a filling rate of 30% and a filling form of 45
degrees at different tensile rates were obtained and are shown in Figure 5.

Figure 5 shows the variation curves of tensile strength versus elongation for the three
forms of 3D printed geogrids under different tensile rates. From Figure 5, it can be seen
that the mechanical properties of different forms of geogrids are widely disparate. The
tensile strength versus elongation curves of the three different forms of geogrids decreased
with the slope of the tangent line as the tensile test proceeded until the peak of tensile
strength was reached, and finally, a brittle fracture occurred. When the tensile rate was
0.2 mm�min�1, the slope of the tensile force versus elongation curves of the three forms of
geogrids did not differ significantly, with biaxial geogrids being slightly smaller than
uniaxial geogrids and triaxial geogrids. In terms of tensile strength, the values of the three
geogrids were approximate. In terms of elongation at break, uniaxial geogrids had the
lowest elongation at break, while biaxial geogrids had the highest elongation at break.
When the tensile rate was 2 mm�min�1, the slope of the tensile strength versus elongation
curve was close for triaxial and biaxial geogrids, while the lowest for uniaxial geogrids,
indicating that triaxial and biaxial geogrids have similar ability to withstand tensile
strength, while uniaxial geogrids have the least ability to withstand tensile strength. In
terms of tensile strength, the triaxial geogrid had the highest tensile strength, and the
uniaxial geogrid had the lowest tensile strength. In terms of elongation at break, biaxial
geogrids had the largest and uniaxial geogrids had the smallest. At the tensile rate of
10mm�min�1, the slopes of the tangents of the tensile strength versus elongation curves of
the three geogrids were close to each other in the early part of the tensile test and changed
in the later part of the tensile test, which showed that the slopes of the triaxial geogrids
were the largest, while the uniaxial geogrids and biaxial geogrids were closer. This
indicates that at 10 mm�min�1, the triaxial geogrid has a greater ability to withstand
tension, while the uniaxial geogrid and biaxial geogrid have a close ability to withstand
tension. In terms of tensile strength, triaxial geogrids had the greatest tensile strength,

Table 5. Tensile test results of geogrids.

Forms of
geogrid

Tensile rates
(mm�min�1)

Ultimate tensile strength
(kN�m�1)

Elongation at break
(%)

Uniaxial geogrid 0.2 5.82 ± 0.15 1.40 ± 0.04
2 5.37 ± 0.28 1.52 ± 0.08
10 8.98 ± 0.32 1.85 ± 0.09
20 10.81 ± 0.23 1.90 ± 0.09

Biaxial geogrid 0.2 5.93 ± 0.13 1.74 ± 0.10
2 8.45 ± 0.21 1.77 ± 0.07
10 10.05 ± 0.27 2.03 ± 0.06
20 11.48 ± 0.33 1.87 ± 0.10

Triaxial geogrid 0.2 6.04 ± 0.13 1.49 ± 0.05
2 9.61 ± 0.20 1.63 ± 0.06
10 10.65 ± 0.23 1.65 ± 0.07
20 13.01 ± 0.41 1.83 ± 0.06
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while uniaxial geogrids had the least tensile strength. In terms of elongation at break,
biaxial geogrids had the greatest, while triaxial geogrids had the least. At a tensile rate of
20 mm�min�1, there was a significant difference in the slopes of the tangents of the
relationship curves between tensile force and elongation of the three forms of geogrids,
which indicated that triaxial geogrids were the most capable of withstanding tensile forces
and uniaxial geogrids the least. In terms of tensile strength. The tensile strength of triaxial
geogrid was the largest, followed by biaxial geogrid, while the tensile strength of uniaxial
geogrid was the smallest. In terms of elongation at break, it showed that uniaxial geogrid
was the largest while triaxial geogrid was the smallest.

Effect of tensile rate

Figure 6(a) plots the scatter diagram of the change of ultimate tensile strength with the
tensile rate under multiple groups of parallel tests and the curve of average ultimate tensile
strength obtained from them, shows the relationship between ultimate tensile strength and

Figure 5. Tensile force versus elongation curves for different forms of geogrids.
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tensile rate for different forms of geogrids. From Figure 6(a), it could be seen that the
ultimate tensile strength of biaxial and triaxial geogrids increases with increasing tensile
rates, which was also confirmed in Zheng et al.36 While the ultimate tensile strength of
uniaxial geogrids decreased and then increased with increasing tensile rates. This ex-
plained that the ultimate tensile strength of different geogrids was affected differently by
the tensile rate. For uniaxial geogrids, there was a small decrease in the ultimate tensile
strength of geogrids when the tensile rate was increased from 0.2 mm�min�1–2 mm�min�1,
reaching a mean value of 7.73%. When the tensile rate increased from 2 mm�min�1–

20 mm�min�1, the ultimate tensile strength of the geogrid increased significantly, with a mean
value of 101.3%. The ultimate tensile strengths of both biaxial and triaxial geogrids increased
significantly with the increase of the tensile rate. Among them, the ultimate tensile strength of
biaxial geogrid and triaxial geogrid increased the most when the tensile rate increased from
0.2 mm�min�1–2 mm�min�1, with mean values reaching 57.24% and 78.61%, respectively. At
tensile rates greater than 2 mm�min-1, the change in ultimate tensile strength values of geogrids
increased almost linearly with the increase in tensile rate, with mean values reaching 35.86%
and 35.38%, respectively.

Figure 6(b) plots the scatter diagram of the change of elongation at break with the
tensile rate under multiple groups of parallel tests and the average elongation at break
curve obtained from them, shows the relationship between elongation at break and tensile
rate for the different forms of geogrid. It could be seen from Figure 6(b) that as the tensile
rates increase, the elongation at the break corresponding to uniaxial and triaxial geogrids
increased, while the elongation at break for biaxial geogrids first increased and then
decreased. This indicated that the tensile rates had different effects on the elongation at
break of different forms of geogrids. When the tensile rates were less than 10 mm�min�1,
the elongation at break of uniaxial, biaxial and triaxial geogrids tended to increase with the
increase in tensile rates, with the average values reaching 32.14%, 17.17% and 10%,
respectively. When the tensile rates were greater than 10 mm�min�1, the elongation at
break of uniaxial and triaxial geogrids increased with the increase in tensile rates, with the

Figure 6. Tensile rate curves for three forms of geogrids.
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average values reaching 2.72% and 12.13%, respectively, while the biaxial geogrids
showed a decreasing trend, with the average value reaching 9.76%. When the tensile rates
were less than 5 mm�min�1, it could be seen that the elongation at the break of geogrids is
biaxial geogrids > triaxial geogrids > uniaxial geogrids. When the tensile rates were
greater than 5 mm�min�1 and less than 18.72 mm�min�1, the elongation at the break of the
geogrid was biaxial geogrid > uniaxial geogrid > triaxial geogrid. At a tensile rate of
20 mm�min�1, the elongation at break was greatest for uniaxial geogrids and least for
triaxial geogrids, which once again illustrated the large effect of tensile rate on the
mechanical properties of geogrids.

In summary, it could be seen that the mechanical properties of geogrid tensile are the
best when the tensile rate is 20 mm�min�1. which conformed to the tensile rates specified
in SL-235-2012 “Specification for test and measurement of geosynthetics."

Effect of consumable filling parameters

The test results of geogrids with two filling forms under different filling rates are shown in
Table 6, the relationship curve between tensile strength and elongation of geogrids with
two filling forms under different filling rates is also obtained, as shown in Figure 7. When
the filling proportion increased from 5% to 80%, the tangent slope of the curve of tensile
strength and elongation of geogrid increased and then decreased, which illustrated that the
ability of geogrid to withstand tensile strength increased and then decreased with the
increase of filling ratio of consumables, where the tangent slope of the curve was the
largest when the filling ratio was 30%, which indicated that the ability of geogrid to
withstand tensile strength reached the maximum at this time.

Figure 8(a) plots the scatter diagram of the change of ultimate tensile strength with the
filling ratio under multiple groups of parallel tests and the curve of average ultimate tensile
strength obtained from them, shows the variation curve of the ultimate tensile strength of
the geogrids obtained from the two filling forms with the filling ratios. It could be seen that
the ultimate tensile strength of the geogrids printed by both the line 45 angle filling form

Table 6. Tensile test results of geogrids.

Filling forms of
geogrid

Filling ratio
(%)

Ultimate tensile strength
(kN�m�1)

Elongation at break
(%)

Line 45 angle 5 5.56 ± 0.12 1.70 ± 0.07
10 9.17 ± 0.21 2.40 ± 0.07
30 11.30 ± 0.38 2.60 ± 0.06
50 6.88 ± 0.12 1.68 ± 0.04
80 5.65 ± 0.18 1.86 ± 0.10

Line interleaving 5 5.23 ± 0.09 1.75 ± 0.07
10 7.77 ± 0.27 1.98 ± 0.09
30 9.26 ± 0.39 2.15 ± 0.07
50 7.86 ± 0.31 1.90 ± 0.04
80 7.08 ± 0.22 1.78 ± 0.06
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and the line interleaving filling form increased and then decreased with the increase in
filling ratios. As the filling ratios increased from 5% to 30%, the ultimate tensile strength
of the geogrid printed by both filling forms increased, reaching an average value of
103.12% and 77.32%, respectively. The ultimate tensile strength of the geogrids printed
by both filling methods decreased when the filling ratios were increased from 30% to
80%, with mean values reaching 50.36% and 24.37%, respectively. The results indicated
that the ultimate tensile strength of the geogrids did not increase with increasing filling
ratios, but there existed an optimum filling ratios value that maximized the ultimate tensile
strength of the specimens. It could be seen that at filling ratios below 30%, the ultimate
tensile strength of the geogrids obtained by printing the line 45 angle filling form is higher
than the line interleaving filling form, which indicated that the line 45 angle filling form

Figure 7. Tensile strength curves at different fill rates.

Figure 8. Tensile strength and elongation at break versus filling ratios for different filling forms.
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could significantly increase the ultimate tensile strength of the specimen at lower filling
ratios. At filling ratios above 50%, the ultimate tensile strength of the geogrids printed in
the line interleaving filling form is higher than that of the line 45 angle form, which
indicated that at higher filling ratios, the line interleaving filling form could significantly
increase the ultimate tensile strength of the specimen.

Figure 8(b) plots the scatter diagram of the change of elongation at break with the
filling ratio under multiple groups of parallel tests and the average elongation at break
curve obtained from them, shows the variation curve of elongation at break with filling
ratios for the two filling methods. It can be seen that the elongation at break of the geogrid
printed with the line 45 angle filling method increased, then decreased and finally in-
creased as the filling ratios increased. The increase in elongation at the break for geogrids
printed by the line 45 angle filling form was greatest when the filling ratios increased from
5% to 10%, with an average value of 41.18%, which illustrated that increasing the filling
ratios in this range could significantly increase the tensile capacity of the geogrid. When
the filling ratios were increased from 30% to 50%, the reduction in elongation at the break
of the geogrid was greatest, reaching an average value of 34.62%, which indicated that
increasing the filling ratio after the filling ratios exceeded 30% severely reduced the
tensile capacity of the geogrid. It could be seen that the elongation at the break of the
geogrids printed by the line interleaving filling increase and then decrease as the filling
ratio increase. The greatest increase in elongation at the break for geogrids printed by the
line interleaving form occurred when the filling ratios were increased from 5% to 10%,
with an average value of 12.5%, which indicated that increasing the filling ratio in this
range could significantly improve the elongation performance of the geogrid. Increasing
the filling ratio from 30% to 50% resulted in a greater reduction in elongation at the break
for the geogrids, with an average value of 11.63%, which showed that increasing the
filling ratios after the filling ratios exceeded 30% could seriously reduce the ductility of
the geogrid. It could be seen that there was an optimum value for the elongation at break in
the model and that the elongation at break did not decrease gradually with increasing
filling ratios. When the filling ratios of the consumables were below 30%, the elongation
at break of the specimens printed in the line 45 angle filling the form was higher than that
of the specimens printed in the line interleaving filling, which indicated that at lower
filling ratios, the geogrid could be printed in the line 45 angle filling form to improve the
ductility of the geogrid.

In summary, it could be seen that the mechanical properties of 3D printed geogrids
were optimal when the filling ratio was 30% and the filling form was line 45 angle.

Failure mode analysis

The damaged parts of uniaxial geogrids and biaxial geogrids mostly occurred at the
connection between rib and node. When the unidirectional geogrids were damaged, the
rib will break or even fall. This was because the number of transverse ribs of uniaxial
geogrid was small, resulting in insufficient restraint of transverse ribs on longitudinal ribs.
Most of the triaxial geogrids were damaged at the joints, and the fracture was neat. As
shown in Figure 9. The results showed that the weak link in the tensile process of uniaxial
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geogrids and biaxial geogrids were the connection between ribs and nodes, which was
consistent with the conclusion of Zhou et al. The strength of the connection between the
rib and the node had a great impact on the overall tensile capacity of uniaxial geogrids and
biaxial geogrids, while the strength of the triaxial geogrid node had a great impact on the
tensile capacity of the geogrid. The failure places of the three geogrids were relatively
clean without many burrs and fibers, which also reflected that the three geogrids are brittle
failures. Changes in tensile rates and changes in printing parameters did not have a large
effect on the damage form of geogrids, which was mainly influenced by the material and
specimen structure.

Regression analysis

In order to reasonably evaluated the relationship between tensile strength and tensile rates
of different forms of geogrids, the regression analysis of tensile strength and the tensile
rate was carried out, and the correlation coefficient was used to express the correlation.
Through the regression analysis of tensile strength and tensile rates corresponding to
ultimate elongation, it was found that logarithmic regression and power regression had the
greatest correlation, but in general, power regression was the best. This analytical method
for evaluating the extent to which the tensile strength of geogrids was affected by the
tensile rate is similar to that of Yang et al.3 The regression equation and correlation
coefficient are shown in Table 7. The regression equation could estimate the tensile
strength at a given tensile rate.

Stress analysis of joints

To further study the tensile mechanism of geogrid, it was known that the factors affecting
the different damage modes of geogrids were mainly the forms of geogrids according to
the test results. In this paper, the nodes of three different forms of geogrid were studied for
the force analysis, showed in Figure 10. The difference in geometry between uniaxial and
biaxial geogrids was that the former had transverse ribs perpendicular to the direction of

Figure 9. Geogrid damage after tensile tests.
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tension. During tension, the longitudinal ribs were subjected to forces, and then they
transferred the forces to the nodes. However, for biaxial geogrids, the nodes will be
subjected to the bonding force F 0 from the transverse ribs, which protected the nodes, so it
was difficult for the nodes to be directly pulled off.

In the uniaxial geogrid, due to the small number of transverse ribs and ignoring the
influence of bonding force, and there were six longitudinal ribs in total, the theoretical
stress of each longitudinal rib was calculated as follows

F1 ¼ T2

6
(4)

Where: F1,T2 were the force of each longitudinal rib of the geogrid and the tensile
strength of the uniaxial geogrid, respectively.

Compared with the uniaxial geogrid, the biaxial geogrid had more transverse ribs,
which formed a dense network structure, so that the whole geogrid was more difficult to
damaged and had a stronger bearing capacity, which was consistent with the previous test
results. The theoretical stress relationship of each longitudinal rib shall meet the following
requirements

F2 >
T3

6
(5)

Where: F2,T3,F 0 were the forces on each longitudinal rib of the biaxial geogrids, the
tensile strength of the uniaxial geogrids and the bonding force generated by the cross ribs
to the nodes, respectively.

In the triaxial geogrid, there were six ribs connected at each node. In the tensile
direction, the tensile force could be divided into three force components on the same side
and the same three force components on the other side. In the tensile process, the nodes
were studied, and it could be seen that the forces on both sides of the nodes are equal along
the tensile direction. However, the nodes of the triaxial geogrid were not connected by
transverse ribs. With the increase of the force, the joint was damaged when the stresses

Figure 10. Stress diagram of different types of geogrid joints.
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reached their peak. After calculation, the theoretical forces of the three ribs on one side of
the joint were

F3 ¼ 0:231T4 (6)

F4 ¼ T4

5
(7)

F5 ¼ 0:231T4 (8)

Where: F4, T4 was the force of each longitudinal rib of the triaxial geogrid and the tensile
strength of the triaxial geogrid, respectively. F3,T5 were the forces of the two oblique ribs
of the geogrid, respectively.

As can be seen from equations (4), and (6)–(8), suppose T3 ¼ T4. Under the same
stress, the tensile force at the node of the triaxial geogrid was higher than that at the weak
part of the uniaxial geogrids and biaxial geogrids. This showed that the stable structure
caused by the triangular mesh of the triaxial geogrids had a pronounced effect on en-
hancing the mechanical properties of the geogrid. Due to the lack of cohesion of the
transverse rib on the joint, the triaxial geogrids were quickly pulled off, resulting in low
strain, which corresponded to the previous experimental results.

Conclusion

In this paper, tensile tests were conducted on three different forms of 3D printed geogrids
at different tensile rates to investigate the effects of tensile rates and filling parameters on
the mechanical properties of the three forms and discuss the tensile failure mechanism of
geogrids. The following conclusions are drawn:

1) At the same tensile rate, the maximum tensile strength of triaxial geogrid was
generally greater than that of biaxial geogrid, while the maximum tensile strength of
biaxial geogrid was generally greater than that of uniaxial geogrid. When the tensile rates
were lower than 2 mm�min�1, the elongation at break of biaxial geogrid was the largest,
and the elongation at break of uniaxial geogrid was the smallest. When the tensile rate is
10 mm�min�1, the elongation at the break of biaxial geogrid was the largest and the
elongation at the break of triaxial geogrid was the smallest. The elongation at the break of
uniaxial geogrids was the largest, and the elongation at the break of triaxial geogrids was
the smallest when the tensile rate was 20 mm�min�1.

2) As the tensile rate increased, the maximum tensile strength of biaxial and triaxial
geogrids gradually increased, and the maximum tensile strength of uniaxial geogrids first
decreased and then increased.With the increase of tensile rates, the elongation at the break
of uniaxial and triaxial geogrids gradually increased, and the elongation at the break of
biaxial geogrids first increased and then decreased. After comparison, the mechanical
properties of 3D printed geogrids were optimal at the tensile rate of 20 mm�min�1.

3) As the filling ratio of geogrid increased, the tensile strength corresponding to the
geogrid first increased and then decreased. As the filling ratio of geogrids increased, the
tensile strength corresponding to the geogrid printed in the line 45 degree method first
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increased, then decreased and finally increased. The tensile strength corresponding to the
geogrid printed by line interleaving first increased and then decreased. After comparison,
it was concluded that the mechanical properties of 3D printed geogrids were optimal when
the fill rate was 30% and the filling form was line 45 angle.

4) Line 45 angle filling method was more obvious to improve the tensile strength of
geogrid in the form of less than 30% filling ratios, while in the case of more than 50%
filling ratios, line interleaving filling was more than enough to improve the tensile strength
of geogrid. At a filling ratio of less than 30%, the line 45 angle filling method improved the
elongation of the geogrid more obviously, while at a filling ratio of 50%, the line in-
terleaving filling could improve the elongation of the geogrid more than enough, and
when the filling ratio is 80%, the line 45 angle filling method showed more than enough to
improve the elongation of the geogrid.

Funding

The author(s) disclosed receipt of the following financial support for the research, authorship, and/or
publication of this article: This work was supported by 2020 Ministry of Education Industry-
University Cooperation Collaborative Education Project (NO.202101296021).

ORCID iD

Junli Gao  https://orcid.org/0000-0002-8644-7553

References

1. Leshchinsky D, Kang B, Jie H, et al. Framework for limit state design of geosynthetic-
reinforced walls and slopes. Transp Infrastruct Geotechnol 2014; 1: 129–164.

2. Yuan H, Bai X, Zhao H, et al. Experimental study on the influence of aging on mechanical
properties of geogrids and bearing capacity of reinforced sand cushion. Adv Civ Eng 2020;
2020: 1–13.

3. Yang G, Pang W, Lu P, et al. Experimental study on tensile properties of plastic geogrids. Rock
Soil Mech 2008; 29: 2387–2391.

4. Hsieh CW and Lin CK. Tensile test method effect on the tensile strength of flexible PET
Geogrids. Geotech Test J 2004; 27: 11074–11085.

5. Chantachot T, Kongkitkul W and Tatsuoka F. Load-strain-time behavours of two polymer
geogrids affected by temperature. Int J Geomate 2016; 10: 1869–1876.

6. Zhou QY, Da SU, Aleksey P, et al. Comparative test analysis of tensile properties of two types
of geogrids. Val Eng 2013; 32: 2–15.

7. Liu T, Xin Y, Liu X, et al. Research progress of microbial degradation plastics. Chin J Bi-
otechnol 2021; 37: 2–15.

8. Angel PM, Güemes A, Antonio FL, et al. Bamboo–Polylactic Acid (PLA) composite material
for structural applications. Materials 2017; 10: 1286–1308.

9. Singh R, Singh H, Farina I, et al. On the additive manufacturing of an energy storage device
from recycled material. Compos B Eng 2019; 156: 259–265.

10. Wong AKJ, Zahi BS, Low BKO, et al. Fracture characterisation of short bamboo fibre re-
inforced polyester composites. Mater Des 2010; 31: 4147–4154.

18 Journal of Thermoplastic Composite Materials 0(0)

https://orcid.org/0000-0002-8644-7553
https://orcid.org/0000-0002-8644-7553


11. Khalil H, Bhat L, JawaidM, et al. Bamboo fibre reinforced biocomposites: a review.Mater Des
2012; 42: 353–368.

12. Javadian A, Heisel F, Chlesier K, et al. Process-controlled optimization of the tensile strength
of bamboo fiber composites for structural applications.Compos Part B Eng 2014; 67: 125–131.

13. Zhang L, Wen H and Zhang Z. Experimental study on engineering properties of bamboo
reinforced soil for pre-drilling project. Chin J Rock Mech Eng 2014; 33: 3829–3833.

14. Hegde A and Sitharam TG. Use of bamboo in soft-ground engineering and its performance
comparison with geosynthetics: experimental studies. J Mater Civ Eng 2015; 27: 04014256.

15. Hegde A and Sitharam TG. Experimental and analytical studies on soft clay beds reinforced
with bamboo cells and geocells. Int J Geosynth Groun 2015; 1: 1–11.

16. Gowthaman S, Nakashima K and Kawasaki S. A state-of-the-art review on soil reinforcement
technology using natural plant fiber materials: past findings, present trends and future di-
rections. Materials 2018; 11: 553–576.

17. Garlotta DA. Literature review of poly (lactic acid). J Polym Environ 2001; 9: 63–84.

18. Berman B. The new industrial revolution. Bus Horizons 2012; 55: 155–162.

19. Yamato H, Keiichi S, Yamamoto K, et al. Open-hole tensile properties of 3D-printed con-
tinuous carbon-fiber-reinforced thermoplastic laminates: experimental study and multiscale
analysis. J Thermoplast Compos Mater 2022: 089270572211107.

20. Sabarinathan P, Veeman D, Narain Kumar S, et al. Effect of printing characteristics for the
incorporation of hexagonal-shaped lattice structure on the PLA polymeric material. J Ther-
moplast Compos Mater 2022: 1–22.

21. Geetha S, Selvakumar M and Lakshmi SM. 3D concrete printing matrix reinforced with
Geogrid. Mater Today 2022; 49: 1443–1447.

22. Stathas D, Wang JP and Ling HI. Model geogrids and 3D printing. Geotext Geomembr 2017;
45: 688–696.

23. Fowmes GJ, Dixon N, Fu L, et al. Rapid prototyping of geosynthetic interfaces: investigation
of peak strength using direct shear tests. Geotext Geomembr 2017; 45: 674–686.

24. Cislagh A, Sala P, Borgonovo G, et al. Towards more sustainable materials for geo-
environmental engineering: the case of geogrids. Sustainability 2021; 13: 2585–2606.

25. Nabeel M and Marius R. Development and fabrication of continuous carbon fiber reinforced
thermoplastic porous composite structures with different infill patterns by using additive
manufacturing. J Thermoplast Compos Mater 2022: 1–26.

26. Zhang H, Qi T, Zhu X, et al. 3D Printing of a PDMS cylindrical microlens array with 100 %
Fill-factor. ACS Appl Mater Inter 2021; 13: 36295–36306.
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