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Abstract: Double-twisted hexagonal gabion wire mesh is a type of reinforced soil material that is used
in gabion retaining walls to stabilize the soil slope in geotechnical engineering. In this study, a series
of tensile tests were conducted to investigate the tensile behavior of hexagonal gabion wire mesh.
Meanwhile, numerical models of gabion wire mesh were built to investigate the whole tensile loading-
strain process. The influence of wire diameter, mesh width, and mesh length on the tensile strength of
hexagonal gabion wire mesh were evaluated based on laboratory tests and numerical simulation. The
quantitative relationship of tensile strength versus wire diameter, mesh width, and mesh length was
typically fitted by a quadratic function, linear function, and monotonically decreasing exponential
function. The numerical result presents a good consistency with those obtained from the experiment.
The result of the loading-strain curve obtained by both experiment and simulation exhibits an
“S” shape with a distinct serrated characteristic. The loading-strain curve can be divided into the
following four stages: mesh distortion stage, wire stretching stage, overall yield stage, and wire
fracture stage, which well reflects the tensile behavior of double-twisted hexagonal wire mesh. The
tensile behavior of gabion wire mesh is influenced by the structure pattern of wire mesh and the
mechanical characteristic of steel wire.

Keywords: double-twisted hexagonal wire mesh; tensile test; simulation model; loading-strain curve;
mathematical equation

1. Introduction

A retaining structure is a widely used measure to stabilize the slope in geotechnical
engineering [1–4]. A gabion retaining wall is a typical retaining structure for its excellent
engineering characteristics and price advantage [5–9], and it consists of a series of layered
gabion elements. The double-twisted hexagonal wire mesh is a basic material of gabion
element. Consequently, it is a fundamental necessity to study the tensile behavior of double-
twisted hexagonal wire mesh material to ensure the safety of the gabion structure. As for
the gabion retaining wall, the soil behind the wall exerts an earth pressure on the back of the
retaining wall, and the wire mesh pulls the wall face to ensure its stability, which indicates
that the tensile strength is a key index of gabion wire mesh material in engineering design.

The laboratory tensile test is an essential way to obtain the mechanical characteristics
of double-twisted gabion wire mesh. Muhunthan et al. [10] performed a series of strength
tests on various fabrics and seaming configurations of hexagonal mesh material to discuss
its engineering and technical details. Hsieh et al. [11] conduct a full-scale engineering test
to discuss the mechanical behavior of wire mesh material with or without one-center cut
wire mesh panels by tensile test and punch test. The tensile loading strain of hexagonal
wire mesh is also studied by many scholars [12–14], and the test results indicate strongly
nonlinear characteristics of a stress–stress relationship. Apart from that, the pull-out
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characteristic of wire mesh material is also of concern for scholars by means of a pull-out
test [15,16], and the compression characteristics of a gabion cage filled with gravel are
obtained by compression test [17]. Due to the special structural shape of the gabion mesh,
it is necessary to design a clamp to fix the gabion for regular quality control. Atanasovska
et al. [18] developed a tool that allowed repeated testing of hexagonal steel wire mesh with
different dimensions.

A numerical simulation is another method to study the tensile behavior of double-twisted
gabion wire mesh effectively and powerfully [19–24]. Ferro [25] developed a numerical model
of a hexagonal net by using finite bar elements, and the hexagonal net was assumed to be
elastic. Gu et al. [26] modeled the gabion element by using linearly elastic-plastic characteristics
and Mohr–Coulomb failure criteria. More recently, Grodecki [27] employed a finite element
model to simulate a static tensile test on hexagonal wire mesh. Cazzani et al. [28] introduced a
two-nodded truss element to model the wire mesh. Mummadisingh et al. [29] used a beam
element in 2-D plane strain analysis on the gabion basket. Priour [30] modeled the nets of the
hexagonal mesh using triangular elements, and the reliability of the model was verified by
comparing them with test results.

In this study, a tensile test was conducted on hexagonal grid specimens to investigate
the stress–strain behavior of the material. The specimens of four types with different
wire diameters and grid sizes were prepared, and a special clamp was designed to fix the
gabion mesh. Thereafter, a stress–strain characteristic derived from the experiment was
compiled into finite element software, and a two-dimensional finite element model was
established to analyze the mechanical response of double-twisted hexagonal wire mesh. In
addition, the influence of wire diameter, mesh size (length and width) on tensile strength,
and deformation of material was analyzed based on finite element analysis. Finally, the
tensile stress–strain curve of gabion wire mesh was fitted via mathematical formula.

2. Tensile Tests

A series of tensile loading tests were carried out to investigate the loading-displacement
response of the double-twisted hexagonal gabion wire mesh with different mesh sizes and
wire diameters. The tests were conducted based on ASTM A975 (2011). In a tensile test, a
special clamp was designed to fix and pull the mesh specimen, as shown in Figure 1.
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2.1. Material

Double-twisted hexagonal wire mesh (as shown in Figure 2) is a woven structure
made of galvanized steel wire, and the adjacent steel wire was interconnected to form a
hexagonal opening. The hexagonal mesh, similar to the honeycomb structure, increased
the macroscopic strength of the metal mesh, while the double strand could ensure that
the entire hexagonal mesh surface keep its bearing capacity even if the single wire tensile
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failed, and it could continue to withstand the loading. Selvedge wire was used to edge the
mesh. Generally, the diameter of the selvedge wire was thick, which made the wire mesh
more rigid.
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2.2. Scheme

Four types of hexagonal wire mesh with different mesh sizes and steel wire diameters
were designed (as shown in Table 1) to evaluate the tensile behavior of gabion wire mesh.
Three parallel measurements were conducted for each type of specimen to ensure the
precision and reliability for determining a mean value. SHT4106G electro-hydraulic servo
machine (as shown in Figure 3) was used in a tensile test. A constant strain rate of 1.25%
strain/minute (5 mm/min) was adopted. The elongation and the applied loading are
recorded automatically by the machine. A special clamp was designed to fix the gabion
wire mesh and limit lateral deformation in the tensile test (see Figure 1). The clamp was
composed of two steel plates that were connected by a shackle. Both ends of the clamp
features a 45◦ and 135◦scratch grid, which could provide sufficient friction. With the help
of a special clamp, it was possible to investigate the overall wire mesh response considering
the homogenized characteristics of mesh geometry.

Table 1. Basic size of four types of material specimen.

Type
Mesh Opening Size Steel Diameter

d (mm)
Selvedge Diameter

(mm)

Number of Rib
per Unit LengthW (mm) H (mm)

A 60 80 2 2 14
B 60 80 2.2 2.7 14
C 82.5 122.5 2.2 2.7 14
D 82.5 122.5 2.7 3.4 14
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To make a comparison between the gabion mesh and single gabion wire, a series of
tensile tests of single gabion wire were conducted. A photograph of the tensile experiment
of a single steel wire is shown in Figure 4.
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2.3. Results and Discussion

Among the three parallel measurements for each type of gabion mesh, the measured
values are almost similar, which indicates that the test results are repeatable. The tensile
test results of types A–D are typically shown in Figure 5. The stress–strain test results of
gabion wire mesh are obviously nonlinear. The tensile stress–strain curves can be divided
into four stages. The stress–strain curve is linear at Stages 1 and 2, and the slope of the
curve at Stage 1 is smaller than that at Stage 2. At Stage 1, the elongation of gabion mesh
is primarily induced by the strain of a single wire and the deformation of the hexagonal
cell. At Stage 2, elongation of gabion mesh is mainly caused at the twisted-wire section. At
Stage 3, there is a significant increase in strain, which is followed by a drop in tensile force,
accompanied by a minor fluctuation. The phenomenon indicates that the wire mesh begins
to yield, and the tensile force during this stage reaches the ultimate strength of the wire
mesh material. At Stage 4, the tensile stress descends significantly and then continues to
grow, which exhibits a distinct serrated shape. However, there is no obvious yield platform
in the stress–strain curve of Type B due to a fracture failure of steel wire. The first peak
values of tensile force occur, corresponding to the strain values of 20%, 16%, 18%, and 16%
for types A, B, C, and D, respectively. After the tensile force reaches a peak value, a drop in
tensile force occurs due to the fracture failure of a steel wire. Several similar consecutive
peak tensile forces are observed after the first peak tensile force. Because the rest steel
wires can still withstand tensile force, the tensile force continues to grow, and the stress
distribution changes. The tensile stress–strain curve exhibits an ‘S’ shape during Stages 1 to
3, and a distinct serrated shape at Stage 4 is observed due to the fracture of steel wire.

Results of the tensile mechanical index for types A–D are listed in Table 2. The values
of the tensile strength are 49.23 kN/m, 55.82 kN/m, 37 kN/m, and 40.77 kN/m for gabion
wire mesh of types A~D, respectively. The tensile stress–strain responses of four types of
wire mesh material are different due to different hexagonal cell sizes and wire diameters.
In other words, the tensile stress–strain characteristics are significantly influenced by the
hexagonal cell size and wire diameter.
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Table 2. Tensile strength at different strain values of gabion mesh material.

Type Tensile Strength
2% Strain (kN/m)

Tensile Strength
5% Strain (kN/m)

Tensile Strength
10% Strain (kN/m)

Tensile Strength
Ultimate Strain

(kN/m)

A 4.16 10.05 28.29 49.23
B 2.62 7.85 26.36 55.82
C 2.58 7.16 21.23 37.00
D 3.61 10.54 35.10 40.77

2.3.1. Influence of Hexagonal Mesh Size

The diameters of gabion steel wire of types B and C are both 2.2 mm. The hexagonal mesh
size of Type B is 60 mm × 80 mm, while it is 82.5 mm × 122.5 mm for Type C. Consequently,
types B and C are selected to analyze the influence of mesh size on tensile strength.

By comparing the typical stress–strain curves of the tensile test of Type B and C (as
shown in Figure 6), it is seen that the stress–strain curves show a similar gradient at Stage
1, which indicates a close elasticity modulus. At Stage 2, the tensile force of Type B grows
faster than that of Type C, and the peak value of Type B is higher than that of Type C,
which means that the tensile strength of Type C is smaller than that of Type B. The smaller
mesh size will induce a larger tensile strength of gabion wire mesh. A larger mesh size
would probably make the mesh structure pattern relatively sparse, and the strength value
is not as large as that of mesh with small cells and a dense mesh structure. Meanwhile, the
elongation between each consecutive break of Type B is significantly less than that of Type
C at Stage 4, which implies that the wire mesh of Type B deforms less when subjected to
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tensile loading. However, due to the limited number of material types in the tensile test,
these two factors were not separately discussed here.
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2.3.2. Influence of Steel Wire Diameter

The same mesh size with different wire diameters is designed between types A and B,
as well as between types C and D. Consequently, a typical comparison can be made between
types A and B, types C and D, respectively, to analyze the influence of wire diameter on
tensile behavior. The influence of wire diameter on stress–strain curve in the tensile test is
typically shown in Figure 7. The curves at Stages 1 and 2 are quite similar. Types A and D
have larger peak tensile stress than types B and C. A larger wire diameter causes a higher
tensile strength of wire mesh, and a larger diameter also makes the wire mesh more rigid.
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3. Numerical Modeling

A finite element model (FEM) is established to simulate the tensile test of hexagonal
gabion wire mesh. Firstly, the numerical model is established based on the geometric model
of the specimen with the aim to verify the effectiveness of the simulation. Thereafter, the
numerical models with different structure patterns of mesh size and steel diameter are
established to conduct a sensitivity analysis of geometric factors. Finally, mathematical
models are put forward to simulate progressive damage and failure.
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3.1. Numerical Model
3.1.1. Constitutive Behavior

The stress–strain curve of a single wire based on tensile test is shown in Figure 8.
The single steel wire presents a nonlinear elasto-plastic characteristic. Consequently, an
elastic-plastic model of stress–strain relationship was adopted to reflect the nonlinearity
and plasticity of the material. A same stress–strain mode is used for double wire and
selvedge wire with different cross-section areas. Moreover, the stress–strain relationship
of double twist wire is not only determined by the tension strength of steel wire but also
influenced by bending and shearing strength. Due to the difficulty of establishing a 3-D
continuum element of the wire mesh, a 2-D beam model is simply applied to describe
the behavior of wire. The beam element in ABAQUS is a “beam-column” element, which
means that it allows axial, bending, and torsional deformation. The effect of transverse
shear deformation is also considered in the Timoshenko beam element. A 2-node linear
beam in a plane is adopted to simulate the wire mesh. The hybrid beam element is available
in geometric nonlinearity and large deformation simulation. Each steel wire was divided
into a series of elements, and it can produce acceptable results based on beam theory.
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Figure 8. Stress-strain characteristic of single wire in tensile test.

Based on the platform of ABAQUS, the plastic data should be specified in terms of true
stress and strain. Nevertheless, the tensile test only provides nominal (engineering) values
of total stress and strain. Consequently, a procedure is needed to convert the nominal test
data to true stress–strain relationship to decompose the total strain into elastic component
and plastic component, respectively (see Figure 9). A conversion method is summarized by
Hussein [31]. Based on tensile tests (see Figure 7), Young’s modulus (E), and the stress at
failure (σf ) were determined as E = 130 GPa, σf = 520.36 MPa. A Poisson’s ratio is 0.23 for
the sheet material of gabion wire mesh [32]. The von Mises yield criterion is adopted, and
the plastic properties of wire mesh are introduced into the ABAQUS platform.
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Figure 10. Model global size is Lx = 660 mm (perpendicular to the twist) and Ly = 446 mm 
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(Height). The cross-section of the wire was a circle with a diameter of 2.7 mm for single 
wire and 5.4 mm for twist wire. In the longitudinal direction (Y-Y), the wire mesh is re-
strained at the bottom side, and the displacement is applied from the opposite side with a 
constant strain rate of 1.25% strain/min. 
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3.2. Model Validation 
The stress–strain behavior of wire mesh determined by numerical simulation was 

compared with that obtained in the tensile test, as shown in Figure 11. The changing trend 
of stress–strain curve in numerical simulation is found to be consistent with the experi-
mental result, exhibiting a piece-wise linear and strengthening yield stage, although the 
numerical simulation cannot well reflect the stress–strain characteristics at the damage 
stage (i.e., Stage 4). As for the engineering design of gabion retaining wall, the gabion 
mesh material will not reach its yield strengthening stage due to a safety control. Conse-
quently, the characteristic at Stage 4 can be ignored for the description of the tensile be-
havior of the gabion wire mesh material. Besides, the elastic modulus in numerical simu-
lation is larger than that in the tensile test. The beam element is used to simulate the wire 
mesh, which may cause the entire model to become more rigid since the elastic-plastic 
model has a tendency to overestimate the stiffness of the mesh. In summary, the FEM 
model can effectively simulate the macroscopic nonlinear behavior of wire mesh before 
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3.1.2. Geometry and Boundary Conditions

A 2D model of a material sample of Type D is presented for validation, as shown in
Figure 10. Model global size is Lx = 660 mm (perpendicular to the twist) and Ly = 446 mm
(parallel to the twist). Hexagonal mesh size is W = 82.5 mm (Width) and H = 122.5 mm
(Height). The cross-section of the wire was a circle with a diameter of 2.7 mm for single wire
and 5.4 mm for twist wire. In the longitudinal direction (Y-Y), the wire mesh is restrained at
the bottom side, and the displacement is applied from the opposite side with a constant strain
rate of 1.25% strain/min.
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3.2. Model Validation

The stress–strain behavior of wire mesh determined by numerical simulation was
compared with that obtained in the tensile test, as shown in Figure 11. The changing
trend of stress–strain curve in numerical simulation is found to be consistent with the
experimental result, exhibiting a piece-wise linear and strengthening yield stage, although
the numerical simulation cannot well reflect the stress–strain characteristics at the damage
stage (i.e., Stage 4). As for the engineering design of gabion retaining wall, the gabion mesh
material will not reach its yield strengthening stage due to a safety control. Consequently,
the characteristic at Stage 4 can be ignored for the description of the tensile behavior of
the gabion wire mesh material. Besides, the elastic modulus in numerical simulation is
larger than that in the tensile test. The beam element is used to simulate the wire mesh,
which may cause the entire model to become more rigid since the elastic-plastic model
has a tendency to overestimate the stiffness of the mesh. In summary, the FEM model can
effectively simulate the macroscopic nonlinear behavior of wire mesh before the wire mesh
reaches its yield strength. However, the numerical simulation cannot reflect the zigzag
features when the wire begins to fracture.
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mesh shape at the edges is observed, while the shape of the grid in the middle changes 
slightly since the twisted wires bear most of the tensile force. With an increase in tensile 
force, the gabion wire mesh gradually narrows and eventually fails. Meanwhile, the dis-
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The axial stress distribution subjected to an applied boundary displacement of 36 mm 
is shown in Figure 13. The axial stress is caused by both tensile and bending effects since 
a beam element is adopted in numerical simulation. In order to investigate the effect of 
tensile and bending effects separately, it is necessary to subtract the bending stress from 
axial stress, and then the tension stress can be obtained. A couple of gabion mesh are 
twisted together, and they are numbered from 1 to 7 (see Figure 13), and the axial stress 
(S11) of each steel wire is listed in Table 3. It is seen that the steel wire in the middle of the 
gabion mesh is subjected to a greater tensile force. And therefore, the steel wire of hexag-
onal gabion mesh in the middle will first reach the yield condition, and the yield area 
gradually moves towards the outer side of the gabion mesh. At the yield stage, the wire 
mesh undergoes a continuous stress redistribution. The distribution of stress parallel to 
the loading direction is almost uniform when it reaches a certain displacement loading. 
Due to a stress concentration at the loading point of the boundary, the result is scattered 
on the boundary.  
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3.3. Tensile Characteristics

Figure 12 shows the deformation pattern of gabion wire mesh after applying a bound-
ary displacement (Uy) of 80 mm at the model top. The deformation pattern of the wire
mesh is consistent with the experimental results. Severe distortion of the hexagonal mesh
shape at the edges is observed, while the shape of the grid in the middle changes slightly
since the twisted wires bear most of the tensile force. With an increase in tensile force, the
gabion wire mesh gradually narrows and eventually fails. Meanwhile, the displacement
generally decreases as the distance to the applied loading increases, and it reaches zero at
the fixed boundary.
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Figure 12. Displacement along wire mesh subjected to a boundary displacement (Uy = 80 mm).

The axial stress distribution subjected to an applied boundary displacement of 36 mm is
shown in Figure 13. The axial stress is caused by both tensile and bending effects since a beam
element is adopted in numerical simulation. In order to investigate the effect of tensile and
bending effects separately, it is necessary to subtract the bending stress from axial stress, and
then the tension stress can be obtained. A couple of gabion mesh are twisted together, and
they are numbered from 1 to 7 (see Figure 13), and the axial stress (S11) of each steel wire is
listed in Table 3. It is seen that the steel wire in the middle of the gabion mesh is subjected to a
greater tensile force. And therefore, the steel wire of hexagonal gabion mesh in the middle
will first reach the yield condition, and the yield area gradually moves towards the outer
side of the gabion mesh. At the yield stage, the wire mesh undergoes a continuous stress
redistribution. The distribution of stress parallel to the loading direction is almost uniform
when it reaches a certain displacement loading. Due to a stress concentration at the loading
point of the boundary, the result is scattered on the boundary.
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Table 3. Stress of steel wire in gabion.

Wire Number Axial Stress (MPa) Tensile Stress (MPa)

1 197 130
2 212 167
3 189 168
4 176 176
5 147 168
6 122 167
7 63 130

The equivalent plastic strains (PEEQ) are adopted to reflect the yield area of gabion
mesh subjected to tensile loading, as shown in Figure 14. It is evident that plastic strain is
concentrated on the single steel wire.
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3.4. Sensitivity Analysis

The influence of hexagonal mesh size and wire diameter on the tensile strength of
gabion wire mesh can be qualitatively analyzed. Figure 15 shows a picture of gabion wire
mesh in engineering practice. Accordingly, a finite element model is established, and the
selvedge wires are considered in the numerical model.
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Figure 15. Wire mesh in engineering practice.

Eighteen types of gabion mesh with different structure patterns are simulated in
numerical analysis, as shown in Table 4. Tensile strength is measured at the following four
different strains: 2%, 5%, 10%, and ultimate strain. Figures 16–18 show the influence of
wire diameter, mesh height, and mesh width on the tensile strength of gabion mesh. The
tensile strength increases nonlinearly as the wire diameter increase, and the relationship
can be well-fitted by a quadratic function. The tensile strength almost linearly increases as
the mesh height increases. However, the tensile strength is inversely proportional to the
mesh width, with a monotonic decrease as the mesh width increases.



Buildings 2023, 13, 1657 11 of 16

Table 4. Influence of structure patterns on tensile strength of gabion mesh.

Types of Gabion Mesh
Factors

Wire Diameter (mm) Mesh Width (mm) Mesh Height (mm)

1 1.00 82.5 122.5
2 1.10 82.5 122.5
3 1.20 82.5 122.5
4 1.35 82.5 122.5
5 1.40 82.5 122.5
6 1.50 82.5 122.5
7 1.60 82.5 122.5
8 1.70 82.5 122.5
9 1.80 82.5 122.5
10 2.00 82.5 122.5
11 1.35 82.5 102.5
12 1.35 82.5 112.5
13 1.35 82.5 122.5
14 1.35 82.5 132.5
15 1.35 62.5 122.5
16 1.35 72.5 122.5
17 1.35 82.5 122.5
18 1.35 92.5 122.5

Buildings 2023, 13, 1657 11 of 16 
 

 
Figure 15. Wire mesh in engineering practice. 

Eighteen types of gabion mesh with different structure patterns are simulated in nu-
merical analysis, as shown in Table 4. Tensile strength is measured at the following four 
different strains: 2%, 5%, 10%, and ultimate strain. Figures 16–18 show the influence of 
wire diameter, mesh height, and mesh width on the tensile strength of gabion mesh. The 
tensile strength increases nonlinearly as the wire diameter increase, and the relationship 
can be well-fitted by a quadratic function. The tensile strength almost linearly increases as 
the mesh height increases. However, the tensile strength is inversely proportional to the 
mesh width, with a monotonic decrease as the mesh width increases. 

 
Figure 16. Influence of wire diameter. 

 
Figure 17. Influence of mesh height. 

Figure 16. Influence of wire diameter.

Buildings 2023, 13, 1657 11 of 16 
 

 
Figure 15. Wire mesh in engineering practice. 

Eighteen types of gabion mesh with different structure patterns are simulated in nu-
merical analysis, as shown in Table 4. Tensile strength is measured at the following four 
different strains: 2%, 5%, 10%, and ultimate strain. Figures 16–18 show the influence of 
wire diameter, mesh height, and mesh width on the tensile strength of gabion mesh. The 
tensile strength increases nonlinearly as the wire diameter increase, and the relationship 
can be well-fitted by a quadratic function. The tensile strength almost linearly increases as 
the mesh height increases. However, the tensile strength is inversely proportional to the 
mesh width, with a monotonic decrease as the mesh width increases. 

 
Figure 16. Influence of wire diameter. 

 
Figure 17. Influence of mesh height. Figure 17. Influence of mesh height.



Buildings 2023, 13, 1657 12 of 16Buildings 2023, 13, 1657 12 of 16 
 

 
Figure 18. Influence of mesh width. 

Table 4. Influence of structure patterns on tensile strength of gabion mesh. 

Types of Gabion 
Mesh 

Factors 
Wire Diameter (mm) Mesh Width (mm) Mesh Height (mm) 

1 1.00 82.5 122.5 
2 1.10 82.5 122.5 
3 1.20 82.5 122.5 
4 1.35 82.5 122.5 
5 1.40 82.5 122.5 
6 1.50 82.5 122.5 
7 1.60 82.5 122.5 
8 1.70 82.5 122.5 
9 1.80 82.5 122.5 

10 2.00 82.5 122.5 
11 1.35 82.5 102.5 
12 1.35 82.5 112.5 
13 1.35 82.5 122.5 
14 1.35 82.5 132.5 
15 1.35 62.5 122.5 
16 1.35 72.5 122.5 
17 1.35 82.5 122.5 
18 1.35 92.5 122.5 

4. Mathematical Description 
In order to establish a suitable mathematical model for the tensile stress–strain rela-

tionship, typical mathematical formulas are adopted to fit the tensile dataset of experi-
ment and numerical simulation. Several typical mathematical models have been devel-
oped to model the woven material. Bergado et al. [33] proposed a model to describe the 
behavior of hexagonal mesh, and it was suitable for some specific cases. Vangheluwe [34] 
proposed a nonlinear three-element model to fit the tensile stress–strain characteristics of 
weave yarns based on a Maxwell element. The nonlinear three-element model is shown 
in Figure 19. The basic component of the nonlinear three-element model includes two 
nonlinear spring elements and one Maxwell element.  

Figure 18. Influence of mesh width.

4. Mathematical Description

In order to establish a suitable mathematical model for the tensile stress–strain rela-
tionship, typical mathematical formulas are adopted to fit the tensile dataset of experiment
and numerical simulation. Several typical mathematical models have been developed to
model the woven material. Bergado et al. [33] proposed a model to describe the behavior of
hexagonal mesh, and it was suitable for some specific cases. Vangheluwe [34] proposed a
nonlinear three-element model to fit the tensile stress–strain characteristics of weave yarns
based on a Maxwell element. The nonlinear three-element model is shown in Figure 19.
The basic component of the nonlinear three-element model includes two nonlinear spring
elements and one Maxwell element.
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The mathematical formula for nonlinear spring:

σ = bε2 (1)

where, b is the spring constant of nonlinear spring.
The mathematical formula for Maxwell element:

σ = ηε (2)

where, η is the viscosity of dashpot of Maxwell element.
The differential Equation (3) governs the tensile behavior of material.

dσ

dt
+

E
η

σ = (E + 2bε)
dε

dt
+

Eb
η

ε2 (3)

where, σ and ε are stress and strain of the model respectively; E is a spring constant.
As the tensile test adopts a constant rate of extension, Equation (3) can be solved with ε = kt

and initial condition of σ(t = 0) = 0. Subsequently, the solution of differential Equation (3) can be
solved as follows:

σ = kη

(
1 − e

Eε
kη

)
+ bε2 (4)
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The parameters in Equation (4) reflect the physics of nonlinear three-element model.
However, Equation (4) cannot connect well to the tensile behavior of the gabion wire mesh
since it can only reflect the first two stages of the stress–strain curve. The third stage of the
tensile curve of the gabion mesh is also important. In this study, the yield stage is taken into
account based on the real mechanical properties of the gabion wire mesh (Equation (5)).

Σ = A − Ae−( Eε
k )

α

(5)

where, E (Mpa) is the Elastic modulus of the wire steel. k (Mpa) is a constant related to
the Elastic modulus. According to the fitting results, the range of k can be determined
in a range of 1/0.14~1/0.2 E. As for the gabion wire mesh, the value of k is 0.18 E. α is a
dimensionless correction coefficient, which can be selected within a range of 1.5–3, and it is
2.4 for the gabion wire mesh. Parameter A (kN/m) is the tensile strength of gabion mesh.

Assuming that the tensile strength of gabion mesh consists of the following two parts:
one depends on the property of wire steel, and the other one depends on the hexagonal
mesh size. The properties of wire steel are primarily determined by the wire diameter (d)
and yield strength (σf ), and the size of the hexagonal mesh is described by its width (W)
and height (H). According to the sensitivity analysis of the influencing factors, the tensile
strength of gabion mesh is proportional to the diameter of the wire, proportional to the
width of the hexagonal mesh, and inversely proportional to the height of the hexagonal
mesh. Consequently, Equation (6) was proposed to calculate the value of parameter A in
polynomial form as follows:

A = σf

(
X1d + X2

d2

W
+ X3H

)
(6)

where, X1, X2, and X3 are scale factors. In order to determine scale factors, multiple linear
regression is performed on 18 sets of datasets based on numerical simulation. The fitting
results are listed in Table 5. The correlation coefficient R2 is 0.999, which indicates an
acceptable correlation.

Table 5. Multiple regression fitting results of scale factor.

Symbol Fitting Results Standard Error Correlation R2

X1 0.091 0.012
0.999X2 6.57 0.350

X3 5.2 × 10-4 8 × 10-5

A mathematical formula can be established to describe the tensile stress–strain of the
double-twisted hexagonal gabion wire mesh as follows:

σ = σf

(
X1d + X2

d2

W
+ X3H

)
− σf

(
X1d + X2

d2

W
+ X3H

)
e−( Eε

k )
α

(7)

Thus, five material parameters, including wire elastic module, wire yield strength,
wire diameter, hexagonal mesh width, and hexagonal mesh height, are considered in
Equation (7).

A typical comparison between Equation (7) and the test result is shown in Figure 20.
The zigzag features when the wire begins to fracture cannot be reflected by Equation (7).
However, the theoretical stress–strain curve is consistent with the experimental result
before the gabion mesh reaches its ultimate strength. In engineering design, the gabion
mesh material will not reach its yield strengthening stage due to a safety factor, which is
larger than 2.0. In this situation, the theoretical equation makes sense.
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5. Conclusions

This paper conducts a series of tensile tests on double-twisted hexagonal gabion wire
mesh to investigate its tensile behavior. Meanwhile, the numerical models are established
based on stress–strain characteristic of gabion wire mesh. Moreover, a mathematical
formula is established to describe the tensile behavior of gabion wire mesh. The main
conclusions are summarized below.

The tensile stress–strain characteristic of gabion wire mesh is obviously nonlinear. The
tensile stress–strain curve is divided into four stages, and it exhibits an “S” shape from
Stage 1 to Stage 3. A distinct serrated shape is observed at Stage 4 due to the fracture of
the steel wire. The failure of wire mesh initially exists near the center, and the failure area
gradually moves towards the outer side. An increase in wire diameter or a decrease in
mesh size causes the tensile strength to increase.

The numerical model is established to simulate the nonlinear characteristic of gabion
wire mesh subjected to tensile loading based on experimentally measured tension data. The
geometric properties of wire mesh play a main role in tensile behavior. The quantitative
relationship of tensile strength versus three factors (wire diameter, mesh height, and mesh
width) is established.

The mathematical formula is proposed to describe the tensile behavior of double-
twisted hexagonal gabion wire mesh with consideration of shape and mechanical param-
eters. The mathematical formula can provide a reference for the design and engineering
application of gabion structures.
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