applied
sciences
Article

Experimental Investigation on Failure Mechanisms of HDPE
Welded Geocell Junctions under Different Clamping Distances
Guangqing Yang 1,2 , Penghui Su 1,3, *, Peng Xu 1,2 , Zhijie Wang 1,2 , He Wang 1,2 and Zheng Zuo 1,3
1

2
3

*

Citation: Yang, G.; Su, P.; Xu, P.;
Wang, Z.; Wang, H.; Zuo, Z.
Experimental Investigation on
Failure Mechanisms of HDPE
Welded Geocell Junctions under

State Key Laboratory of Mechanical Behavior and System Safety of Traffic Engineering Structures,
Shijiazhuang Tiedao University, Shijiazhuang 050043, China; yanggq@stdu.edu.cn (G.Y.);
sdxplt@163.com (P.X.); zwang@stdu.edu.cn (Z.W.); wanghe@stdu.edu.cn (H.W.); geozz@stdu.edu.cn (Z.Z.)
School of Civil Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043, China
School of Traffic and Transportation, Shijiazhuang Tiedao University, Shijiazhuang 050043, China
Correspondence: 2202106004@student.stdu.edu.cn

Abstract: Geocells are three-dimensional honeycomb-reinforced geotechnical materials composed
of strips and junctions. Its junctions can support and transmit forces in several directions. The
performance of geocells has a considerable impact on engineering applications. However, the testing
program of geocell junctions still lacks standardization, and limited research has been undertaken
regarding the failure mechanisms of junctions when subjected to various stress types. In this paper,
four test procedures for HDPE welded geocell junctions were performed, including weld tensile,
shear, peeling, and splitting strength tests. The influence of tests under different clamping distances
(10.5 mm, 25 mm, 50 mm, and 100 mm) was analyzed, and the stress–strain behavior, peak elongation,
and peak and residual strength of junctions under various force states were analyzed in detail.
Finally, considering the strength and deformation, the slope laying method of geocells was proposed.
The results show that the tensile strength and shear strength decrease with the clamping distance,
whereas the peeling strength and splitting strength remain essentially unchanged. Under a 100 mm
clamping distance, the tensile strength and shear strength are decreased by 4.51% and 14.08%.
Geocells spreading vertically along the surface on a subgrade slope are thought to be more reliable,
improving the geocell’s service life in slope protection. The test results can be used to improve a
standardized geocell junction testing procedure as well as to guide, evaluate, and enhance the quality
and application dependability of geocells.
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1. Introduction
Geocells have been widely utilized in geotechnical engineering for a long time due to
their effective reinforcement performance and obvious economic benefits, such as pavement [1–3], embankment [4], foundation [5,6], and slope protection [7,8]. The geocell’s
three-dimensional honeycomb structure provides more lateral constraints than other planar
reinforcement materials, which, when combined with the filling material, shapes a composite reinforcement with high strength and stability, further improving the structure’s overall
reliability and service life [9].
Hegde [10] found, by means of a compression test, that the junction was the key factor
in the geocell’s “ferrule effect”. Isik and Gurbuz [11] conducted indoor pull-out experiments for geocells and indicated that the pull-out resistance of geocells was limited by the
seam peel strength of the geocell junctions. Using the limit equilibrium method (LEM),
Khorsandiardebili and Ghazavi [12] provided an analytical approach to investigate the stability of geocell-reinforced slopes. Inti [13] proposed vulnerability modeling to design small
volume roads by considering the modulus of the geocell-reinforced layer and showed that
geocell reinforcement reduced the stress of the cushion beneath the pavement. Zhao [14]
developed the polymer-blend geocell (PBG) and investigated the tensile properties of
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blends of various formulations in terms of yield strength, tensile strength, and elongation at
break. The above studies focused on the material properties, engineering application, and
reinforcement mechanism of geocells, evaluated the performance of geocells extensively,
and emphasized the importance of geocell junctions. Therefore, a detailed study of geocell
junctions is required to assure the safety and stability of reinforced structures.
Song [15] conducted centrifugal model experiments to investigate the failure mode of
the geocell-reinforced soil retaining wall, discovering that the geocell strips were stretched
and ruptured and that the connections at the junctions collapsed. Based on laboratory tests
and a numerical simulation, Leshchinsky and Ling [16] demonstrated that the junctions
played a crucial role under cyclic loads or multiple loads; no tearing or rupture was found
on the cell-wall or at the junction. Yang [17] observed the failure of the junction by placing
the NPA geocell in the sand base of the unpaved road. By loading unconstrained geocell
elements, Pokharel [18] observed similar failure scenarios. Both geocell junctions and
strips are subjected to soil action from all directions [19]. Geocells need to withstand
high tearing, tensile, and shear stresses in both the strips and the welded junctions to
prevent the strips’ rupture and separation of the junctions. Some studies have found the
failure phenomenon of the geocell junction [15,17,18], but these research results cannot
fully explain and evaluate the failure mode and the performance of junctions, hindering
the application and promotion of geocells in the engineering field.
In addition, to simulate the different force states of junctions, Zuo [20] compared and
analyzed the failure mechanisms of the junctions of welding, bolt, and plug connections
under various stress states. The tensile shear, peeling, and splitting tests were conducted
with a clamping distance of 100 mm. Liu [21] also studied the response of HDPE welded
geocell junctions under different load conditions. The weld tensile strength and tensile
shear tests were conducted with a clamping distance of 10.5 mm, and a clamping distance
of 30 mm was used for the peeling and splitting tests. However, there is a lack of standardization in the geocell tensile test method, and scholars’ test processes differ in terms of the
distance of clamps, which could lead to variances in the research on specimen test failure
mechanisms and the evaluation of geocell product performance. The design uncertainties
and unforeseen failure patterns of junctions have impeded the application of geocells in
some engineering fields, such as highway and railway engineering.
Based on the above analysis, considering that the testing program of geocell junctions
still lacks uniformity (as there are differences in terms of clamping distance) and that
limited research has been undertaken regarding the failure mechanisms of junctions when
subjected to various stress modes, a series of tensile tests was carried out for the junctions
of HDPE welded geocells commonly used in engineering, including weld tensile, shear,
peeling, and splitting strength tests. To study the response of each type of test under
different clamping distances, the stress–strain behaviors were measured and recorded along
with the peak elongation and peak and residual strength. Different failure characteristics
were observed, and the impacts of different clamping distances on each type of test were
analyzed. Finally, various types of testing were compared, the correspondences of geocell
junctions under different force states were described, the factors affecting the performance
of geocell junctions were obtained, and suggestions were provided for the laying mode of
geocells on slopes. The test results can provide a reference for establishing the standardized
test method of geocell junctions as well as guide, evaluate, and improve the quality and
application dependability of geocells. This study is useful in providing test techniques and
data support when the real specification of a geocell cannot be tested according to existing
standards and the clamping distance needs to be extended or reduced.
2. Materials and Methods
This section summarizes the tests involved in the program. Detailed specimen dimensions, testing schemes, and laboratory procedures are discussed. It should be noted that
all sample tests were conducted in accordance with “Geotextiles and geotextile-related
products—Strength of internal structural junctions—Part 1: Geocells” (ISO 13426-1-2019)
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scholars’ research, the distances between clamps of 10.5 mm, 25 mm, 50 mm, and 100 mm
were utilized in the experiments to explore the effect of clamping distance on different
types of junction tensile testing. These distances ensure that no pre-load is applied to the
specimen before the actual test begins. The specimens used in all the tests were initially cut
to the correct size for the tensile test. It should be mentioned that stretching with a clamping
distance of 10.5 mm was difficult due to the method of the splitting and peeling strength
tests, as well as material considerations. Additional samples were tested as necessary to
facilitate a high level of consistency. The detailed specimen sizes for the junction test are
summarized in Table 2. The types of geocell junction tests include the weld tensile strength,
tensile shear, peeling, and splitting tests. This study is intended to supplement and unify
Appl. Sci. 2022, 12, x FOR PEER REVIEW
7 of 27
test standards as well as to provide a test scheme and data support. There can be a test
basis when the geocell specification cannot be tested according to existing standards and
the clamping distance needs to be increased or reduced.
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Table 2. Specimen dimensions.
Test

Junction Width
(mm)

Clamping
Distance (mm)

100

10.5
25
50
100
10.5
25
50
100
25
50
100
25
50
100

Weld tensile
strength test

Tensile shear test

Peeling test

Splitting test

Gripping
Distance (mm)

Overall Length
(mm)

60

130.5
145
170
220
130.5
145
170
220
145
170
220
145
170
220

All the test methods were designed in reference to “Geotextiles and geotextile-related
products—Strength of internal structural junctions—Part 1: Geocells” (ISO 13426-1-2019),
and all the tests were performed on an X-shaped sample cut from the geocell panel (Figure 4;
red surrounding area).
1.

Method A—Weld tensile strength test (Figure 5d)

The legs A and C of the “X” are fixed in the in the upper clamp, and the legs B and D
are similarly fixed in the bottom clamp. The sample is tested at a constant tensile rate by
adjusting the clamping distance until the junction is plasticized and damaged.
2.

Method B—Tensile shear test (Figure 6d)

The right upper leg B and the left lower leg C of “X” are trimmed close to the junction,
and the remaining legs A and D are fixed in the upper and lower clamps. The sample
is tested at a constant tensile shear rate by adjusting the clamping distance until a shear
failure of the junction occurs.
3.

Method C—Peeling test (Figure 7c)

The lower legs B and D of “X” are trimmed close to the junction, and the remaining
legs A and C are fixed in the upper and lower clamps. The sample is tested at a constant
peel rate by adjusting the clamping distance until a peel failure of the junction occurs.
4.

Method D—Splitting test (Figure 8c)

The legs A and B of the “X” are fixed in the upper clamp, and the legs C and D are
similarly fixed in the bottom clamp. The sample is tested at a constant splitting rate by
adjusting the clamping distance until a tensile split failure of the junction occurs.
3. Result and Discussion
This section summarizes the results of the various test processes on the geocell junctions. Due to the complexity of the tensile pattern, the results are presented in the form of
engineering stress–elongation, and the test strengths are expressed in N/cm. The significance of the discussion outcomes is linked to the geocell’s practical applicability.
3.1. Weld Tensile Strength Test
Table 3 shows the test results for the weld tensile strength of junctions at different
clamping distances. The results indicate that the tensile strengths of the 25 mm, 50 mm,
and 100 mm clamping distances are lowered by 0.23%, 2.84%, and 4.51% when compared
to the test with the 10.5 mm clamping distance. Compared with the 10.5 mm clamping
distance, the peak and overall elongation of the 25 mm clamping distance increased by
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30.68% and 13.91%. The peak and overall elongation of the 50 mm clamping distance
increased by 50.23% and 18.69% compared with the 25 mm clamping distance. Compared
to the 50 mm clamping distance, the peak and overall elongation of the 100 mm clamping
distance increased by 105.00% and 31.14%. On the whole, the weld tensile strength of the
junction decreases, and the peak and overall elongation increase with the distance between
clamps. The change in peak elongation becomes more apparent.
Table 3. Weld tensile test results of the junctions.
Clamping Distance
(mm)
10.5
25
50
100
Appl. Sci. 2022, 12, x FOR PEER REVIEW

Tensile Strength
(N·cm−1 )

Peak Elongation
(mm)

Overall Elongation
(mm)
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Table 4. Tensile shear test results of the junctions.
Clamping Distance
(mm)

Shear Strength
(N·cm−1 )

Peak Elongation
(mm)

Overall Elongation
(mm)

10.5
25
50
100

203.496
196.486
184.679
174.838

4.832
7.934
12.344
16.452

53.914
99.756
141.788
298.98

The plots of the shear stress–elongation of the junctions under different clamping
distances are shown in Figure 11. It can be found that the peak and overall elongation
both increase significantly with the distance between clamps. The majority of the tests
showed similar results, and the peak strength varied only a little between samples with
the same clamping distance. Firstly, the shear stress increased linearly before reaching its
maximum value; then, it reached its maximum yield strength, and the strain-softening
phenomenon appeared. The stress was reduced and then entered the major deformation
stage, where the stress essentially stayed the same. Lastly, it entered the strain hardening
stage, where the stress was raised and the sample was destroyed. The shear stress–strain
behaviors became more similar to the standard tensile curve of the HDPE material strip
as the distance between the clamps increased. However, there were differences in the
failure area post-peak. Long deformation from the commencement of failure to complete
failure is required for the test curve with a distance between clamps of 10.5 mm. The failure
arises very suddenly when the distance between clamps is increased to 100 mm, but the
two failure modes of the test curves of 25 mm and 50 mm both exist, which explains the
problem of disordered overall elongation growth.
The failure modes of the samples under a shear force are shown in Figure 12. The results in Figure 12 indicate that the test procedure was characterized by apparent elongation
deformation and a thin neck phenomenon of the strip. The two strips had no separation at
the welding area, and the failures occurred at the connection between the welding junction
and the strip. The welded junction is unlikely to fail when subjected to a shear force, and the
actual shear strength of the junction should be higher than the shear yield stress obtained
in the tests. It can also be found that the failure modes of the samples with a distance of
10.5 mm between the clamps were the ductile failure at the connection between the welded
junction and the strip, and the increase in elongation caused the strip to separate from the
junction (Figure 12a). Brittle failure appeared at the connection when the distance between
the clamps was increased to 25 mm or 50 mm. The sample displayed a sudden general
fracture failure after the elongation reached a specific degree (Figure 12b,c). When the
clamping distance was increased to 100 mm, the sample failed as a result of a sudden brittle
failure of the entire connection (Figure 12d). The reason for analyzing these fracture modes
can be attributed to the characteristics of the welded junction. Two strips of ultrasonic spot
welding form the welded junction, and the perforated area creates a weak area and is prone
to stress concentration. The shear force of the junction becomes more like the tensile force
on the strip as the clamping distance increases. The strip is stretched and hardened, and
there are disparities in the changes at the junction, resulting in the sudden brittle failure of
the connection between the junction and strip due to stress concentration.
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In addition, the failure modes of the samples revealed the existence of strip damage
(Figure 12a (sample 2) and Figure 12c (sample 1)). The different failure patterns can be
attributed to the indented surface. According to Meuller, the surface structure of the
HDPE composite influences its post-yielding behavior; more rapid failure can occur at the
locations of stress concentration due to surface structural features, such as notches [24].
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In addition, the failure modes of the samples revealed the existence of strip damage
(Figure 12a (sample 2) and Figure 12c (sample 1)). The different failure patterns can be
attributed to the indented surface. According to Meuller, the surface structure of the
HDPE composite influences its post-yielding behavior; more rapid failure can occur at the
locations of stress concentration due to surface structural features, such as notches [24].
The deeper indentations served as the equivalent of notches for geocells. It is worth noting
that these findings are consistent with the shear stress–elongation curve.
3.3. Peeling Test
Table 5 summarizes the peel strength testing results under a peeling force at different
clamping distances. The peak elongation of the 50 mm clamping distance increased by
1.92%, and the overall elongation of the 50 mm clamping distance decreased by 2.45%,
compared with the 25 mm clamping distance. Compared with the 50 mm clamping distance,
the peak and overall elongation of the 100 mm clamping distance increased by 8.20% and
12.57%. As can be seen from the comparison, the overall elongation of the test samples
fluctuates in a small range without evident change, and the peak elongation increases
slightly with the change in clamping distance. The average peeling strengths of the 50 mm
and 100 mm clamping distances were consistent, and the peeling strength of 25 mm is
3.15% lower. Therefore, the results of the junction peel strength test stay essentially with
the increase in the distance between clamps.
Table 5. Peeling test results of the junctions.
Clamping Distance
(mm)

Peeling Strength
(N·cm−1 )

Peak Elongation
(mm)

Overall Elongation
(mm)

25
50
100

106.27
109.62
109.62

14.592
14.872
16.092

27.33
26.66
30.012

Figure 13 exhibits the plots of the peel stress–elongation of the junctions under different
clamping distances. All of the curves followed the same pattern. The peeling strength in
the linear area pre-peak developed slowly and required more deformation, whereas the
strength in the area post-peak rapidly diminished. Under the action of a peeling force,
Figure 14 shows the failure process of samples with varying clamping distances. It can
be seen that all the test samples failed in the same way, with the failures occurring at the
connection between the junction and the strip, indicating that direct failure of the junction
under the action of a peeling force is implausible. The welded junction is prone to material
deterioration during the welding process, and stress concentration occurs at the perforated
area, resulting in this failure mechanism.
Furthermore, some test results with considerable deviations were found during the
experiment. The peel strength of these samples had decreased by 20% to 30%. They showed
different fracture modes, and the welded-together strips were entirely separated at the
junction. Figure 15 shows that the sample’s welded junction had entirely separated due to
the peeling force. Because this failure mode is uncommon, we consider it to be caused by
the unqualified welding of the welded junctions during the production process.

Figure 13 exhibits the plots of the peel stress–elongation of the junctions under
different clamping distances. All of the curves followed the same pattern. The peeling
strength in the linear area pre-peak developed slowly and required more deformation,
whereas the strength in the area post-peak rapidly diminished. Under the action of a
peeling force, Figure 14 shows the failure process of samples with varying clamping
distances. It can be seen that all the test samples failed in the same way, with the failures
occurring at the connection between the junction and the strip, indicating that direct
failure of the junction under the action of a peeling force is implausible. The welded
junction is prone to material deterioration during the welding process, and stress
concentration occurs at the perforated area, resulting in this failure mechanism.
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Furthermore, some test results with considerable deviations were found during the
experiment. The peel strength of these samples had decreased by 20% to 30%. They
showed different fracture modes, and the welded-together strips were entirely separated
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3.4. Splitting Test

3.4.Table
Splitting
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the test results for the split strength of junctions at different clamping
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In terms of p
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the peak elongation of the 50 mm clamping distance increased by 3%
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the elongation
overall elongation
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The splittingby
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and
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or
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8.21% over the peak elongation of the 50 mm clamp
a change in the clamping distance. Hence, increasing the distance between clamps has little
terms of overall elongation, the overall elongation of the 50 mm is 7% less t
bearing on the split strength test.
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−
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14.094
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Clamping Distance
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Figure 16 exhibits the graphs of the split
stress–elongation
of the junctions
−1)
(mm)
(N·cm
different clamping distances. All of the results show a similar nature. The splitting strength
25pre-peak increases slowly,
204.12
14.094
in the linear area
and the strength in the area
post-peak decreases
more rapidly. This
peeling strength test, indicating
50 is consistent with the
204.33
14.514that the loading
process is mostly similar between the two tests. The failure processes of the sample
100
206.85
15.706
photographed are shown in Figure 17. The two welded strips separated, with progressive
ductile failure and sudden brittle failure, which matched the test curve well.

Figure 16 exhibits the graphs of the split stress–elongation of the ju
different clamping distances. All of the results show a similar nature
strength in the linear area pre-peak increases slowly, and the strength in
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that the loading process is mostly similar between the two tests. The failu
the sample photographed are shown in Figure 17. The two welded strips s
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However, the experiment results showed various failure modes (Figure 18b). The
sample failed at the junction between the two sides of the junction and the strip, which
was identical to how the peeling strength test fails. This was due in large part to the
sample’s stress changing during the tensile process. It can be found from the test that the
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However, the experiment results showed various failure modes (Figure 18b). The
sample failed at the junction between the two sides of the junction and the strip, which
was identical to how the peeling strength test fails. This was due in large part to the
sample’s stress changing during the tensile process. It can be found from the test that the
junction tilted under a splitting force (the red arrow in Figure 18a; the dashed line is the
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junction’s initial direction), changing the force of the junction from a simple splitting force
to a combination force of shear and splitting.
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various clamping distances on the test was evaluated so as to provide a data basis and
suggestions for establishing a new test standard. Then, their tensile strength, pre-peak,
and post-peak behaviors were compared, and the failure modes under different loading
types were observed. Finally, the influence of geocells lying on a slope in engineering
was discussed.
This work draws the following conclusions:
(1)

(2)

(3)

(4)

(5)

The tensile strength of the weld tensile strength test decreases with the increase in
the distance between clamps. The tensile strengths of the 100 mm clamping distance
were decreased by 4.51% compared with the weld tensile strength test of the 10.5 mm
clamping distance.
The shear strength of the tensile shear test decreases with the increase in the distance
between clamps. The shear strengths of the 100 mm clamping distance were decreased
by 14.08% compared with those of the 10.5 mm clamping distance. The pre-peak
elastic and post-peak plastic area elongation both increased significantly.
The peel strength and split strength remain essentially unchanged with the increase
in the distance between clamps. The elongation of the plastic area post-peak in the
peeling test was 2.3 times that of the splitting test.
The peeling strength was the key determinant of whether HDPE welded junctions
were damaged in practical applications. The elongation of the elastic area pre-peak in
all the tests was similar at a 100 mm clamping distance.
Considering both strength and deformation, the construction method of geocells
spreading vertically along the surface on a subgrade slope is thought to be more
reliable, improving the service life of geocells in slope protection.
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