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This paper presents the results of Finite Element Method (FEM) modeling of double-twisted steel hexagonal
wire mesh used to construct gabion cages. Gabion cages, filled with soil (usually rock particles) are commonly
used in civil engineering (for example in order to form a retaining wall). Static tensile tests are modeled and the
obtained force - displacements curves are compared with the laboratory test results (known from literature).
Good accordance between numerical and laboratory test results is observed. Three different material models for
single wire and double twist are tested. Special attention is paid to double-twist modelling. Simulations of the
damaged mesh are also performed, strength and stiffness reduction is analyzed. Anisotropic membrane model for
mesh is proposed and calibrated. Parameters for homogenized Coulomb - Mohr media for gabion (filling and
mesh) are estimated. Such homogenized Coulomb - Mohr model could be used in engineering practice to model

behaviour of real gabion structures.
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1. INTRODUCTION

Steel wire meshes are widely used in civil engineering. One of the typical applications is the
formation of a box, filled with soil (usually rock particles), called a gabion. Gabions are used to
form constructions such as retaining walls, sound barriers, erosion protection systems (especially in
hydrotechnical engineering). These structures are relatively cheap and very efficient. The behavior
of gabion components should be first investigated in order to describe engineering behavior of
gabion. Behavior of the double-twisted hexagonal wire mesh (presented in Fig. 1) is the main object
of investigation in this paper. As it was stated in [4], such mesh is a woven system, which is made
by twisting continuous pair of wires three half turns (so-called double twist). Adjacent wires are
then connected to form hexagonal openings. Terminal (selvedge) wire is used to edge the mesh. The
hexagonal shape improves the macroscopic mesh strength and stiffness. The double-twist prevents
mesh from unravelling due to accidental single wire cutting. The most commonly used mesh types
are (width x height x wire diameter [mm]): 100x120x2.7, 100x120x3.0, 80x100x2.7, 80x100x3.0
and 60x80x2.7.

h\ single wire
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single wire

Fig. 1. Basic shape of hexagonal wire mesh
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Fig. 2. Scope of this article in the field of gabion modelling

The entire process of the gabion modeling, which is the scope of this article, is presented in Fig. 2.
Scope of this article in the field of gabion modelling. Behaviour of the mesh could be investigated
during laboratory tests or with the use of numerical simulations. Typical laboratory test is a static
tensile test described in [1], [12] and [13]. The published results are often limited to ultimate tensile
strength of the mesh and corresponding ultimate strain (elongation) ([1]), usually without any
reference to material properties of used steel. More complete set of obtained results is presented in
[31, [4], [12] and [13], where force-displacement curves for different meshes are presented along
with stress-strain curves for steel. Mesh-soil interaction could also be a matter of investigation
([11]). Single gabion static compression tests are also performed, numerical models are proposed
and calibrated ([6]).

Due to complexity of the geometry, use of classic engineering method of static analysis is almost
impossible — construction has a high degree of static indeterminacy. Moreover, a double twist is a
source of complication — twisted wires are subjected not only to tension (like single wire), but also
to bending and shearing. However, a simplified “stress” definition used for double wire (normal
force divided by cross-section area) is usually used.

In such a situation numerical analysis could be used to simulate tensile behaviour of the mesh.
Numerical model can be calibrated in order to properly replace the laboratory tensile tests during
which force-displacement relationship and ultimate load are obtained. Examples of such analyses
are presented in [3] and [4] ). Also, behaviour of double twist could be a subject of investigation
(f1oD.

Numerical simulations are performed with the use of Finite Element Method (FEM) ([10]) or
Discrete Element Method (DEM) ([3], [4] and [12]).

Building the mesh of numerical model with the use of 3-dimensional continuum elements

describing the complex geometry of the structure (especially of the double twist) is almost
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impossible and numerically ineffective ([10]). Thus, usually simplified model (beam model)
describing the behaviour of the wire on the rod level is used. Such model for a single wire could be
calibrated on the base of laboratory tensile tests. Laboratory tests can also be conducted for double
wire, however, the alternative approach proposed in [10]. (calibrating on the base of 3-dimensional
numerical simulation of the double wire tensile test) could also be used.

In general, behaviour of mesh and its components (single and double wire) is strongly nonlinear.

2. NUMERICAL SIMULATIONS OF THE TENSILE TESTS

Static tensile tests described in detail in [4] were simulated. Mesh sample global sizes were Lx=100
cm (perpendicular to the twist) and Ly=50 cm (parallel to the twist). Different mesh sizes (80x100
mm, 100x120mm) and wire diameters (2.7 and 3 mm) were taken into account. First of all, the
results were analyzed critically and some discrepancies were observed. For mesh size 100 x 120
mm made of 2.7 mm wire, two experimental force-displacement curves match well, but the third
one does not. For mesh of the same size made of wire of different diameter, the ultimate strength
should be proportional to the cross-section area of the wire, but for mesh size 80 x 100 mm this is
not the case. The described discrepancies show that the proper conduction of the laboratory tensile
test of the mesh is a difficult problem itself and the obtained results should be verified.

FEM system ZSoil (described in detail in [5]) was used to perform numerical calculations. Three
following material models for single wire and double twist were used. The first model was elastic-
plastic model with strain-stress relationship in accordance with [4]. The second model was elastic-
ideally plastic (with values of Young modulus E and ultimate strength in accordance with [4] later
called the ideal EP. The third model was bi-linear, similar to the model proposed in [10]. The
second and third models could be treated as simplifications of the first model. Strain-stress
relationships for presented models are presented in Fig. 3. Only normal forces were taken into
account. The problem was treated as displacement-driven and large deformations approach was

used. The sample numerical model is presented in Fig. 4.
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Fig. 4. Numerical model of the mesh with boundary conditions

Simulations of the damaged mesh (with some wires cut) were also performed.

3. OBTAINED RESULTS

In general, good compliance between results of numerical simulations and laboratory test is
obtained. The values of ultimate load and force-displacement curves are compared. Numerical tests
reveal that mesh is destroyed by double twist failure and this is why the ultimate load of the mesh N

could be calculated from a simple formula:

@.1) N=2_—
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where:
n — number of wires, A; — cross section area of a single wire [m?], fi; — tensile strength of the wire [MPa], L —

length of the mesh sample in the direction perpendicular to loading

If all wires are the same (no selvedge wire with higher diameter or mesh sample is large enough to

neglect influence of the selvedge wire), the above equation takes even a simpler form:

(2.2) n=A

where:

w —mesh opening (width)

The values of ultimate load obtained from numerical simulations were compared with laboratory
test results and analytical formulas described above (Table 1). Good accordance between values of
ultimate load obtained in laboratory tests, numerical simulations and proposed simple formulas
show that all used material models properly estimate ultimate load of the structure and proposed
analytical formulas could also be used. Proposed analytical formula (Eq. 2.2) gives a bit lower
values of ultimate load (in comparison with laboratory tests results) because in the laboratory test

selvedge wire with higher diameter was used.

Table 1. Ultimate load of the mesh — results of laboratory tests and numerical simulations

Ultimate load [kN/m]
Mesh type Laboratory | Numerical model — | Numerical model — | Numerical model | Proposed formula
(after [4] ) | elastic-plastic model ideal EP - bilinear (Eq. 2.2))
100x120x2.7 | 33-34 249 259 239 22.4
100x120x3.0 | 29-48 30.7 325 30.6 27.6
80x100x2.7 30-35 29.9 24.7 27.3 27.9
80x100x3.0 51-57 3255 29.2 30.4 34.5
60x80x2.7 48-52 35.1 34.0 37.5 33.6

The comparison of force-displacements curves obtained from numerical simulations and laboratory

tests show that model that uses stress-strain relationship from laboratory test can reproduce
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macroscopic behaviour of the mesh very well. Elastic-ideally plastic model has tendency to
overestimate the stiffness of the mesh while bilinear model — to underestimate. The sample force-

displacement curves are presented in Fig. 5.
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Fig. 5. Force — elongation relationships for different meshes. Comparison of laboratory tests and
numerical simulations results

Statistical analysis of the obtained results was performed. Deviation of force Ngev defined as

2.3) Ny =

where:
N —value od force obtained in laboratory tests
N —value od force obtained in numerical calculations

n — number of points on force — elongation curve
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was calculated for every proposed material model and type of mesh. Obtained values of Ngev are presented

in Fig. 6.

B elastic - plastic model
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Obilinear model
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Nge, [kN/m]

100x120x3.0 100x120x2.7 80x100x2.7 80x100x3.0 60x80x2.7
Mesh type

Fig. 6. Values of Nge, for different material models and mesh types

For 100x120 type meshes elastic-plastic model gives best correlation between laboratory and
numerical results (lowest values of Nge). For 80x120x2.7 mesh bilinear model and for 60x80x2.7 ideal
elastic-plastic model gives better correlation.

Simulations of tensile behaviour of the damaged mesh with some wires cut (one, two or three —
marked in Fig. 7) show that cutting of one double twist near the centre of the mesh reduces mesh
strength by approx. 23%. Cutting two or three double twists does not result in significant strength
reduction. However, stiffness of the mesh is significantly reduced after cutting the consecutive

wires — as it could be seen in Fig. 8.
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Fig. 7. Cut wires included into damaged mesh behaviour simulation
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Fig. 8. Force — elongation relationship for damaged mesh size 100x120 mm made of 3 mm wire

4. MEMBRANE MODEL CALIBRATION

Given the numerical model of the mesh consisting of tested and calibrated beams, there could be an
attempt to construct a simpler model - membrane model. Anisotropic membrane model with limited
tensile strength was used in this article. Such a model has a set of parameters, which need to be
calibrated:

Kxx, Kyy — elasticity modulus of the membrane in the X and Y direction [kN/m]

Kxy — shear modulus of the membrane [kN/m]

Ftx, Fty — tensile strength of the membrane in the X and Y direction [kN/m]

Fcx, Fey — compressive strength of the membrane in the X and Y direction [kKN/m]

Kxx and Kyy were calibrated on the base of previously calibrated beam model of the mesh — in
order to properly reproduce tensile behavior of the repeatable cell of the mesh. Minimalization of

Ndev,m

4.1 N,

where:

Nic —value od force obtained from repeatable cell model

Nm —value od force obtained from membrane model

n — number of points on force — elongation curve

both in Y direction parallel to the twist and X direction perpendicular to the twist was a calibration

criterion).
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Kxy was set to 0. Fty was estimated with the use of Eq. (2.2), Ftx was estimated as ultimate load of
the mesh in the direction perpendicular to the twist (on the base of the repeatable cell of the mesh
model), Fcx and Fcy were set to 0. Repeatable cell of the mesh is presented in Fig. 9. Obtained

values of membrane parameters for different meshes are presented in Table 2.

Nodes fixed in X direction, displacement driven in Y direction

g
4 B | 4 [
g
5
]
Y f E
't &
X Double e
twist 2
2
Sl
=
3
2
S
| =Tl r | =Tl | 3
£
3
Z
Fixed nodes Fixed nodes
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Fig. 9. Repeatable cell of the mesh

Table 2. Estimated values of membrane model parameters

Mesh type | Kxx [Kn/m] Kyy [kN/m] Ftx [kN/m] Fty [kN/m]
100x120x2.7 | 398.2 1536.3 10.52 22.55
100x120x3.0 | 490.3 1890.8 13.00 27.85
80x100x2.7 | 295.8 1445.4 10.24 25.7
80x100x3.0 | 365.2 1748.7 12.64 31.7
60x80x2.7 488.8 2362.3 14.00 33.6

The obtained with the use of membrane model load-strain curves were compared with those
obtained from beam model of the repeatable cell of the mesh and good correlation was observed
(Fig. 10). Also force-elongation curves obtained with use of membrane model, beam model (with
elastic-plastic material model) and from laboratory test (after [4]) were compared (Fig. 11).
Membrane model has tendency to overestimate stiffness of the mesh but obtained correlation is still
satisfactory. Values of Ngev (Eq 2.3) were calculated in order to verify correlation between
laboratory tests and membrane model results (Fig. 12). Correlation is of course worse than for

models described before (Fig. 6) but still satisfactory.
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Fig. 12. Values of Ngey for membrane model, case of load parallel to the twist

Therefore, membrane model could be used in further research, for example in the whole gabion
compression test simulations or in whole gabion wall behaviour simulations.

Estimated values of Kxx, Kyy, Ftx and Fty show that behavior of the mesh is really anisotropic
(ratio Kyy/Kxx is between 3.85 and 4.89, Fty/Ftx between 2.14 and 2.51, depending on the mesh
type).

5. HOMOGENISED CONTINUUM FOR MESH AND FILLING
PARAMETERS

Gabions are often modeled as a homogenized continuum of Coulomb - Mohr type. According to
[2] and [9] friction angle of such material is equal to the friction angle of the filling (usually about
40-45% and some additional cohesion is used. Such additional cohesion could be calculated from

the following formula:

¥

.1 ¢, =A% m(uo +ﬂj
2 2



www.czasopisma.pan.pl P@N www.journals.pan.pl

FINITE ELEMENT MODELLING OF THE HEXAGONAL WIRE MESH 717
where:
.\ . 2Kyy-¢. 1 . . 1-.1-¢
¢, — additional cohesion, Ao, = AL — increased confining pressure, &, = M -
d (1-¢,) l-g,

circumferential strain, £,— axial strain at steel mesh failure, d — characteristic dimension of the sample

(lowest gabion dimension), ¢ — internal friction angle of the filling

Mesh tensional strength does not appear explicitly in such approach, however, it could be seen that

it is a function of axial strain at steel mesh failure and membrane elastic modulus

(5.2) g =2

The obtained with the use of values of Kyy and Fty, which were estimated before, values of

additional cohesion for $=40° and d=0.5 m are summarized in Table 3.

Table 3. Additional cohesion values for different meshes

Mesh type ¢, [kPa]

100x120x2.7 | 50.0

100x120x3.0 | 61.5

80x100x2.7 57.4

80x100x3.0 70.8

60x80x2.7 74.4

Presented here approach to a homogenised Coulomb — Mohr type model for gabion could be used in

engineering practice for modelling of the gabion retaining walls, examples are presented in [7] and

8.
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6. CONCLUSIONS

Presented numerical models (beam and membrane) of the wire mesh are useful tools, which

properly describe behavior of the mesh in tension conditions. Thus, membrane model can be used

as an element of the whole gabion model (together with appropriate model of filling and interface

between the filling and mesh). Required data for model are relatively simple (strain-stress

relationship for single wire, double twist and geometry of the mesh). Simplified models (which do

not require detailed strain-stress relationships) have limited usability, however, for preliminary

approximate calculations give reasonable results. The proposed simple analytical formulas for

calculations of the ultimate load of the mesh give results compatible with laboratory tests and

numerical simulations, thus they can be used in engineering practice.

11.
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MODELOWANIE NUMERYCZNE SZESCIOKATNEJ SIATKI SPLATANEJ

Stowa kluczowe: gabion, siatka splatana, Metoda Elementéw Skonczonych (MES), homogenizacja, modelowanie
numeryczne

STRESZCZENIE

Artykut przedstawia wyniki symulacji numerycznych (wykonanych z wykorzystaniem Metody Elementow
Skonczonych MES) zachowania si¢ stalowej splatanej szesciokatnej siatki uzywanej do budowy gabionow.
Gabiony, wypelnione gruntem (najczgsciej gruboziarnistym) sa powszechnie uzywane w budownictwie, np. do
budowy muréw oporowych. Modelowano testy statycznego rozciagania siatki, uzyskane zaleznosci sita —
przemieszczenie poréwnano z literaturowymi wynikami badan laboratoryjnych. Zaobserwowano dobra
zgodno$¢ pomigdzy wynikami laboratoryjnymi a rezultatami symulacji numerycznych. Testowano trzy rézne
modele konstytutywne dla pojedynczego i podwojnego splecionego drutu. Specjalng uwage poswigcono
modelowaniu podwdjnie splecionego drutu. Wykonano tez symulacje zachowania si¢ uszkodzonej siatki,
analizowano spadek jej nosnosci i sztywnosci. Zaproponowano i wykalibrowano anizotropowy model
membranowy dla siatki. Oszacowano parametry zhomogenizowanego o$rodka typu Coulomba — Mohra dla
gabionu (siatki i wypehienia). Model ten moze by¢ wykorzystywany w praktyce inzynierskiej do modelowania

rzeczywistych konstrukcji gabionowych.
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