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Numerical investigations of interaction between geogrid/wire fabric
reinforcement and cohesionless fill in pull-out test

The interaction between geogrid/wire fabric reinforcement and fill material in reinforced
earth walls, as well as its quantification, is a complex problem that depends on a number
of factors. This paper presents and discusses state of the art related to numerical
simulations of pull-out tests used for investigation of interaction between cohesionless
fill and reinforcement. In addition, the results of a specially designed group of numerical
simulations are presented and compared with recommendations of American and
European standards related to such experiments.
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Pregledni rad
Adis Skeji¢, Senad Medic, Tomislav lvsic

Numericka istrazivanja interakcije geomreza/mrezastih armatura i
nekoherentnog zasipa u pokusu izvlacenja

Interakcija geomreZa/mrezastih armatura i zasipa u zidovima od armiranog tla, kao i
njeno kvantificiranje predstavljaju sloZzen problem koji ovisi o brojnim faktorima. U ovom
radu su prikazana i komentirana dosadasnja saznanja o numerickim modelima pokusa
izvlacenja kojim se ispituje interakcija armatura i nekoherentnog zasipa. Takoder su
prikazani i rezultati posebno osmisljene skupine numerickih simulacija, te su usporedeni
s preporukama americkih i europskih normi za provodenje ovakvih pokusa.

Klju€ne rijeci:

geomreze, pokus izvlacenja geomreze, interakcija, numericko modeliranje

Ubersichtsarbeit
Adis Skejic, Senad Medic, Tomislav Ivsi¢

Nummerische Untersuchungen zur Wechselwirkung von Geonetzen/
Maschenverstarkungen und inkoharenter Verfiillung in einem Expansionsexperiment

Die Wechselwirkung von Geonetzen/Maschenverstarkungen und Verfillungen in
verstarkten Erdwdnden sowie deren Quantifizierung stellen ein komplexes Problem
dar, die von mehreren Faktoren abhangen. In dieser Abhandlung werden die bisherigen
Erkenntnisse Uber die nummerischen Modelle der Expansionsexperimente dargestellt
und kommentiert, mit denen die Wechselwirkung von Bewehrungen und inkoharenten
Verflllungen untersucht werden. Dariiber hinaus werden auch die Ergebnisse einer speziell
entwickelten Gruppe nummerischer Simulationen dargestellt und mit den Empfehlungen
amerikanischer und europdischer Standards fur die Durchfiihrung solcher Experimente
verglichen.

Schliisselworter:

Geonetze, Expansionsexperiment des Geonetzes, Wechselwirkung, nummerische Modellierung
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1. Introduction

Analytical methods based on the principles of rigid body
mechanics and limit equilibrium, and extended by empirical
coefficients, have been successfully used in the stability analysis
of reinforced earth walls since the 1970s [1].

The force transfer mechanism based on these theories is
schematically presented in Figure 1: the horizontally placed
geogrid supports the active wedge on the one side (“active”
zone — action), while it is anchored on the other side into the
stable reinforced zone (“passive” zone — resistance). The line
that separates these two zones connects the points on the
geogrid that correspond to the maximum tensile force in the
geogrid, and represents a potential failure surface.
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Figure 1. Load transfer in “active” and “passive” zones of reinforced-
earth wall

Critical failure mechanisms for checking internal stability of
reinforced earth walls are: rupture-tensile failure of geogrid,
and pullout of geogrid from the passive anchorage zone [3, 4].
Special pullout tests are conducted to determine the pullout
resistance or "anchorage strength” as this resistance is called
by some authors [5]), and the interpretation is made based on
equivalent strength at the backfill and geogrid contact.

The equivalent strength of the contact is the ratio of average shear
to normal stress at the geogrid and backfill interface. This strength
can inter alia be determined by pulling geogrid out of a specially
shaped box, and it depends on a great number of factors due to
the complexity of interaction between geogrid and backfill. This
complex behaviour is further complicated by interaction between
the backfill and walls of the box from which the geogrid is pulled.
Numerous authors have used various devices to test the behaviour
of geogrid/wire mesh when subjected to pullout action [2, 6-46].
Differences between individual test procedures mainly involve
testing equipment, test procedure, and the type and properties of
backfill and geogrid [46]. That is why an unambiguous relationship
between the limit pullout force and geogrid and backfill properties
can not be established based on the results of such different tests.
Due to a wide variety of factors that influence the resistance
of geogrids to pullout, inconsistencies in the selection of
equivalent strength at the contact between geogrid/wire mesh
and backfill material have also been registered in numerical

modelling of reinforced earth walls. Thus most researchers
accept that the equivalent strength of the contact is equal to
the backfill strength [47-60]. This assumption is based on the
relatively high pullout resistance of geogrid and wire mesh due
to the passive resistance of transverse ribs. In this context, Ling
et al. [61] indicate that the conduct of expensive tests aimed
at an accurate definition of contact strength at pullout is not
at all justified. On the other hand, some authors suggest the
use of contact strength - defined via independent pullout test
- for modelling backfill and geogrid contacts in walls [31, 62-
65]. In these examples, the contact strength is lower than the
backfill strength although there are examples in the literature
where pullout tests result in (interpreted) contact strength that
exceeds the backfill strength [25, 30,31, 66, 67]. These examples
confirm the high complexity of geogrid and backfill interaction
mechanisms that are activated during pullout tests.

2. Pullout test and equivalent friction coefficient
2.1. Pullout test

A specially designed pullout device consists of a box of varying
dimensions (length/width/height can vary from 0.25/0.15/0.15
m [68] to 3.4/3.4/1.2 m [69]) in which a geosynthetic or other
reinforcing material is placed horizontally, usually at mid-height,
and is then pulled out from the front side of the box. Minazek and
Mulabdi¢ [35] indicate that more than thirty different pullout devices
(differing in size and other properties) have so far been published in
the literature. Thus, small, medium-sized, and large-size devices can
be differentiated. The same authors indicate that large-size devices,
with the box volume ranging from 1 to 2 m? are most frequently
used. On average, these devices measure 1.5/0.8/0.7 m (length/
width/height). A typical pullout test setup is shown in Figure 2.
Standards providing detailed instructions about the conduct of
pullout tests have been developed worldwide. Figure 2 shows
recommendations given in the US standard (ASTM D6706) [70]
and the European standard (EN 13738) [71] from the aspect
of test setup geometry. Recommendations provided in EN
standards are given in Figure 2 in the form of dimensions (length
measurements) presented in front of parentheses, while the
corresponding ASTM measurements are given in parentheses.
Asleeveis usually installed at the part of the box from which the
geogrid exits. The role of this sleeve is to reduce the influence
of the front wall on the pullout resistance value. In some cases,
instead of this sleeve, the first transverse rib of the geogrid is
installed at a sufficient length from the front edge [66]. There
are also examples where expanded polystyrene is installed on
the entire surface of the front wall to reduce the influence of its
stiffness on the mobilisation of resistance during pullout [28].
The surface of backfill zone in the box can also be subjected to
additional load to simulate “in situ” stress (load, o). The force
and displacement are measured during the test at the position
of the pullout. The equivalent strength at the geogrid and backfill
interface is measured based on the limit force measurements.
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Figure 2. Configuration of the pullout test device: plan view and typical cross-sections with basic elements and indications

Laboratory tests involving pullout of geogrid and wire mesh from
the box backfilled with granular material were first conducted in the
late 1970s [72-74]. However, significant improvement in the study
of interactions at pullout conditions were made by Dyer [75] and
Palmeira [66]. They systematically developed a study program and
presented pullout test results that pointed to basic mechanisms
of the transfer of force from wire mesh to backfill material. It was
already known that, in case of geogrids and wire mesh, the pullout
resistance is composed of two basic components:

- The friction resistance along longitudinal and transverse ribs,
- The passive resistance of backfill in front of transverse ribs.

The contribution of friction of the soil particles interlocked in
wire mesh openings should also be added to these components
[35, 76]. The mobilisation of resistance components does not
occur simultaneously but, rather, it depends on the magnitude
of relative displacement [76, 77]. In case of small relative
displacement between the backfill and geogrid, the total friction
is mobilised at the contact, while with the further increase
of relative displacement the passive resistance of soil is
progressively mobilised in front of transverse ribs of the geogrid.

2.2. Interpretation of pullout test results

The pullout force, mobilised at limit slip between geogrid and

backfill, is significant for determining equivalent strength at the

geogrid and backfill contact. The shear strength at the contact

between cohesionless material and geogrid can be defined in
several ways, two of which are singled out below:

- Via the equivalent friction coefficient (f') proposed by Jewell
et al. [78]. This coefficient is the ratio of shear stress (t )
mobilised at the moment of a full slip of geogrid to the
corresponding normal stress at the geogrid and backfill

interface (s,), according to the following expression:

F F

f* — Tult P P (1)

o, 2Ac, 2LBo,

- where F_is the limit pullout force determined during the
test, L_is the geogrid length, and B is the geogrid width in
accordance with the data given in Figure 2.

- Relatively to the backfill material strength (C). This value
is the ratio of the equivalent coefficient of friction at the
interface (f* = tan & to the friction coefficient of the backfill
material (tan ¢), according to the following expression:

_tano
tang

G

(2)

In literature, this ratio is called the interaction coefficient.
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3. Numerical modelling of pullout test

The definition of the stress-stra state within the pullout box
during the testing is significant for three practical aspects:

Due to significance and great possibilities offered by advanced
numerical simulations, it is not surprising that a considerable
number of such analyses have so far been published. Numerous
studies in which pullout test modelling by complex numerical

- to extrapolate results, through simulation of interaction
at the pullout test scale, onto the walls and for other test
cases that were not investigated by physical modelling
due to the great number of combinations of geogrids,
backfill materials, and pullout device dimensions,

- to numerically determine geogrid to backfill interaction
mechanisms that were not measured or registered
by physical modelling due to complexity of such
measurements,

- toenabledetermination of testimprovement possibilities
by establishing a numerical pullout test model. In other
words, numerical simulations can be used to analyse the
influence of testing conditions on pullout test results.

analyses is proposed, are in most cases conducted using the finite
element method and the finite difference method in form of 2D
simulations [21, 32, 37, 40, 64, 77, 79-85]. Principal details given in
some of these studies are commented on in the following section.

3.1. Overview of published research

An overview of basic characteristics of numerical models (finite
element method and finite difference method), starting from
the first research conducted by Yogarajah and Yeo [79] to the
present day, is given in Table 1.

Boundary conditions. Most published analyses are 2D
simulations with similar boundary conditions that imply:

Table 1. Overview of basic properties of published numerical simulations of pullout tests using finite element method and finite difference method

Author (year), Program Analysis Backfill Geogrid/wire mesh Backfill and. geogrid/wire Front wall
reference mesh interface
Yogarajah & Yeo (1994), ) ME MC, zero-thickness )
[79] Sage Crisp 2D, MKE (MO) LE truss element elements Abs. stiff
Shuwang & dr. (1998), ME ) ) Nonlinear springs, link )
[86] 3D, MKE (MO) NLE plate with openings elements of the interface Abs. stiff
Bergado & dr. (2003) Sage 2DE MC, zero thickness interface
! Crisp 2D, MKE LE truss element ! Abs. stiff
[64] (MC) elements
Perkins & Edens (2003), ABAQUS 3D, MKE SE EPC membrane element MC, zero thickness interface Abs. stiff
[22] (BSP) elements
Sugimoto & i
Alagiyawanna (2003), - 2D, MKE 2DE LE truss element MC, zero thickness Abs. stiff
(DP) elements
[77]
Teerawattanasuk & dr. . MC, zero thickness .
(2003), [87] FLAC 3D, MKR SE (MC) LE solid element elements Abs. stiff
. . 2DE LE ,geogrid” element . . .
Palmeira & Dias (2008), Plaxis 2D, MKE (MC & longitudinal ribs and LE plate MC, zero thickness interface | Abs. stiff
[88] ) elements and smooth
HS) element for transverse ribs
Khedkar & Mandal ) 2DE LE. ,,gepgndl element for MC, zero thickness interface | 0.8 cm exp.
Plaxis 2D, MKE longitudinal ribs and LE plate
(2009), [28] (MC) . elements polystyrene
element for transverse ribs
Alam & dr. (2014), [40] FLAC ao,mkr | 2DE LE 2D element MC, zero thickness interface | e
(MC) elements
Rouse &dr. (2014), [89] FLAC 2D, MKR 2DE EP beam element MC, zero thickness interface Abs. stiff
(MC) elements
Abdi & Zandieh (2014) 2DE LE ,geogrid" element for MC, zero thickness interface | 1.0 cm ex
Plaxis 2D, MKE longitudinal ribs and LE plate ! ) P
[37] (MC) . elements polystyrene
element for transverse ribs
Mosallanezhad & dr. . MC, zero thickness interface .
(2016), [90] ABAQUS 3D, MKE SE (MC) solid element clements Abs. stiff
Note: LE - linear elastic; NLE — nonlinear elastic; EP — elastoplastic; FEM - finite element method; FDM - finite difference method; MC — Mohr Coulomb model, EPC
— elastoplastic creep; HS — strain hardening model; BSP — Bounding Surface Plasticity model [91], DP — Drucker Prager model; 2DE - 2D element; SE —solid element
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- ideally smooth, horizontally fixed front wall

- horizontally and vertically fixed bottom wall

- horizontally fixed, ideally smooth back wall

- uniformly distributed load on top surface

- controlled force or prescribed displacement at the front end
of the geogrid.

As most studies are based on 2D models, side walls of the box-
shaped pullout device are ideally smooth, and the model is 1.0
meter in width (plane strain condition).

Modelling of backfill material

In most published numerical studies, sandy soil is used as
backfill material from which geogrid is pulled out. The elastic
ideally plastic model (Mohr-Coulomb model) of material
behaviour is used in most published numerical simulations.
It is known that dense granular material exhibits “softening”
behaviour at largeshear strains in stress-strain relationships,
which is manifested in the reduction of the angle of internal
friction and dilation angle (as presented for instance in [92]).
Although this behaviour can greatly influence numerical
simulation results, the authors are not aware of any published
study in which the pullout test would be simulated through
such behaviour of backfill material. Besides, examples of
constitutive backfillmodels that include the dependence
of the angle of internal friction on normal stress are quite
rare. One such investigation was conducted by Rouse and
Fannin [89], who demonstrated that it is important to model
reduction of the internal friction angle with an increase in
normal stress during simulation of tests at vertical stress of
less than 50,0 kPa.

Modelling of geogrid/wire mesh

The most significant difference in published numerical

simulations of pullout tests is related to the way geogrid/wire

mesh is modelled. Thatis why published pullout test simulations

will be described in this text via four modelling methods. More

specifically, details will be presented for the following four

pullout test models:

- wire mesh/geogrid is modelled by a thin equivalent cable
element — “geogrid” element (line element of unit width).

- wire mesh/geogrid is modelled by longitudinal ribs ( “geogrid”
element) and transverse ribs (beam element).

- wire mesh/geogrid is modelled by transverse ribs only (stiff
2D element)

- wire mesh/geogrid 3D model (volume elements)

A special interface element is additionally used in all mentioned
models at the backfill material and geogrid contact, in order to
cover relative displacements (discontinuity in the displacement
zone) between the backfill material and geogrid, i.e. the value
of slip during pullout. This contact is most often modelled using
zero thickness elements with elastoplastic properties (stiffness
and strength).

3.1.1. Wire mesh/geogrid modelled by equivalent cable
element - “geogrid” element

Most published numerical simulations imply pullout of geogrids
that is simulated by a line element ( “geogrid” element) capable
to transfer tensile stress, but they do not include the direct
contribution to the resistance as provided by longitudinal and
transverse elements of the grid. Yogarajah and Yeo [79] were
among the first to propose the idea of numerical modelling
of pullout test (Figure 3). They modelled geogrid by a linearly
elastic thin cable element of unit width (“geogrid” element),
while they simplified the complex behaviour of the geogrid and
backfill contanc by an interface element of zero thickness [93]
with Mohr-Coulomb'’s constitutive model. Similar models were
also used more recently [77, 87]. The primary objective of this
pullout test modelling procedure was to numerically confirm the
limit value of pullout force by back analysis [64, 77, 79].

v v \ AN 2N 2
D [ ¥

FE mesh

Pullout force

Figure 3. Numerical model of pullout test with wire mesh simulated
by cable element of unit width (adopted and modified from

[790)

In addition to the mentioned ones, there are other examples
of numerical simulations of this type that were aimed at
verifying how modelling results are influenced by deformation
(rheological) properties of geogrid and contact model [22]. These
simulations have revealed that results are not considerably
influenced by modelling creep deformation of geogrid, while
it has been established that geogrid stiffness and contact
properties significantly influence mobilisation of shear stress at
the geogrid and backfill material interface.

Box dimensions

Modeling geogrid by cable element of unit width, and the Mohr-
Coulomb model for backfill material, Palmeira and Dias [88]
investigated the influence of box top wall stiffness and total
box height on the mobilised pullout resistance. These authors
investigated the influence of box dimensions on a total of nine
models with three box lengths (0,5, 1,0, and 2.0 m), and three
box heights (0.3, 0.6, and 1.0). In these simulations, geogrid was
placed at mid-height. On the basis of calculated mobilisation
resistances it was established that the mobilised pullout
resistance reduces with an increase in height. This reduction
amounts to approximately 10% for an increase in box height (H_)
from 0.3 m to 1.0 m, where the increase in height from 0.3 m to
0.6 m does not practically affect the magnitude of the ultimate
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pullout force . These results were not interpreted but rather it was
established by reference to test results shown in the literature [7,
171 that the box height should be greater than 0.6 m.

Numerical simulation results [88] are also related to the influence
of sleeve length on the mobilised limit resistance. It was
established that an increase in sleeve length causes an increase
in limit resistance for the geogrid length of 0.5 m with tensile
stiffness of EA = 200.0 kN/m, for the box 1.0 min height and 1.2
min length. It should be noted that it was assumed in the analysis
that the friction at box walls is reduced by greasing and that it
amounts to 3, = 6°. These analyses were conducted with geogrid
that was simulated as cable element of unit width, while the
sleeve length was simulated by isolating geogrid from the backfill
at one part of the sleeve. This is the only example of numerical
modelling of a test in which friction at box walls was considered.
Although the use of geogrid models simulated by linear cable
element (“geogrid” element) has recently been replaced by
geogrid models that also include transverse ribs, numerical
pullout-test analyses of this type have remained in use to this
day [85].

3.1.2. Wire mesh/geogrid modelled by longitudinal and
transverse ribs

By reviewing the available literature, it was established that 2D
reinforcement models with longitudinal (“geogrid” elements)
and transverse ribs (plate elements or stiff membrane elements)
were used in only four published numerical simulation studies
for pullout tests [28, 37, 57, 88].
Palmeira and Dias [88] proposed numerical modelling of
reinforcement aimed at comparing numerically predicted and
measured results. The comparison was presented in the form of
diagrams showing the dependence of displacement and force at
the front end of reinforcement, and the magnitude of horizontal
pressure at the front wall of the pullout box. The authors consider
that the software used offers results that are compatible with
measurement results. Nevertheless, this model greatly differs from
other mentioned models in one detail. In fact, according to [88]
the strength at the contact between longitudinal ribs and backfill
material is defined with the interaction coefficient (C, = 0.95), which
means that the backfill and longitudinal ribs friction is practically
equal to the backfill material friction. In other papers [28, 37, 57],
this friction is modelled with the interaction coefficient C < 0.2, or
the friction of longitudinal ribs is completely neglected [40]. These
values of coefficient of interaction between backfill and longitudinal
ribs are determined by back analysis based on results obtained by
pullout test for isolated longitudinal ribs. As expected, relatively
low values of equivalent strength of contact, compared to backfill
strength, were obtained because the contribution of longitudinal ribs
in the resistance to pullout is much smaller than the contribution of
transverse ribs, which is directly covered by the model.
Using the finite element method on a two-dimensional model (Plaxis
— [94]), Khedkar and Mandal [28] simulated transverse ribs of
specially shaped cellular type steel meshes formed of different-
height steel sheets of constant thickness. The numerical model with

its basic elements is shown in Figure 4. Various steel sheet heights
were modelled linearly by elastic beam elements that are capable
of transferring bending, tension, and compression forces. By varying
the spacing of transverse ribs they succeeded in optimising the
relationship between the height and distance of steel sheets of the
mesh installed in sand. More specifically, the maximum resistance to
pullout was realized for the distance to the height ratio of transverse
elements of the mesh (S/t) amounting to approximately 3.5. After
successful verification, the numerical model with reinforcement
modelled with longitudinal and transverse ribs was used to estimate
the influence of some boundary test conditions on the resistance
mobilised at pullout [28].

Load, o,
T T TT T YT T T T T T T TR AT

, Expanded Backfill (2D element)
polystyrene ) [

i Transverse ribs (beam element)

e \\A.\A,

i - V\Longltudlnal ribs
(cable element — geogrld)

0,7m

Figure 4. Numerical model of pullout test with reinforcement
consisting of longitudinal and transverse ribs, Plaxis 2D
[94]: finite element method [28]

The boundary condition assessment methodology involved
doubling both dimensions of the box while keeping the
reinforcement and transverse rib dimensions constant. When
interpreting the plot of total backfill displacement in the box at limit
pullout force, the authors concluded that the box dimensions used
in the test were adequately selected. In fact, the displacements
calculated on the scaled model, at the distance from the front
wall equal to the real box length, are negligible. In addition to
comparison of the size of the zone affected by displacements,
the plot of average effective stress in the box subjected to limit
load was also compared. Negligible differences in the magnitude
of an average effective stress at box boundary show that further
increase in box size, as related to dimensions of the physical model
used in the laboratory, would not influence test results.

Abdi and Zandieh [37] used the same numerical model and
simulated published measurement results quite successfully. The
same authors used numerical simulations to study the influence
of box length on the distribution of average effective stressand on
the size of the box zone affected by displacements at limit pullout
force. The study showed that, for sandy material, the box zone
affected by additional average effective stress due to prescribed
reinforcement pullout does not cover the area that is more than
20.0 cm away from the free (last) end of reinforcement. According
to these results, the authors concluded that the box length of
100.0 cm is adequate for reinforcement 80.0 cm in length.

In both of the above-mentioned studies, the contact between the
backfill and transverse ribs is defined by the same strength and

242

GRADEVINAR 72 (2020) 3, 237-252



Numerical investigations of interaction between geogrid/wire fabric reinforcement and cohesionless fill in pull-out test Gradevinar 3/2020

stiffness as for the backfill. Although special sensitivity analyses
that would confirm validity of this assumption were not made,
it is expected that the strength and stiffness at the interface
between transverse ribs and backfill are not of great significance
for mobilisation and limit resistance at pullout. In fact, separation
of the back part of the transverse rib is enabled by the backfill
material model that does not include tensile stress (tension cut-
off), while the front side of the transverse rib is driven horizontally
into the backfill during realization of the test.

The numerical pullout-test model with the reinforcement simulated
in this way could be used for studying the influence of the box
and reinforcement geometry and backfill properties on the limit
resistance to pullout. Due to the direct contribution of transverse
ribs, it is assumed that the influence of backfill and front wall
friction, and the influence of backfill height above reinforcement
level, could differ from the one determined with reinforcement
modelled by cable element of unit width. Such research has been
conducted in this paper, as described in detail in Section 4.

3.1.3. Wire mesh/geogrid modelled with transverse ribs only

Alam et al. [40] used the finite difference method on the
2D model (FLAC 2D - ltasca Consulting Group, 2002 — [95]
to simulate pullout test for a set of transverse ribs under
the assumption that the majority of resistance at pullout of
inextensible reinforcement is the result of passive resistance of
backfill in front of transverse ribs (Figure 5).

Load,
+ 03¢ % Interface
vV v \ A /
Transverse ribs (2D element) 4|
|
c e | ¥
gl Aﬂ Ax Ax A« AEI/
P4 G oo
|Dz 0305 i Backfill (2D element) ql Finite
2N element

1,7m mesh

Figure 5. Numerical model of pullout test with reinforcement
consisting of transverse ribs only, FLAC 2D: finite difference
method (adopted and modified from [40])

Such an approach to numerical modelling with transverse ribs
implies only horizontal displacement that can deviate from
experimentally measured displacements in the pullout box.
This deviation occurs due to the non-symmetrical deformation
of transverse ribs as a consequence of volume deformations
at the interface. This displacement trend was confirmed by
experimental studies [33], which can be simulated by the
reinforcement model in the scope of which load is applied at the
front end of reinforcement.

3.1.4 Three-dimensional wire mesh/geogrid
Palmeira and Dias [88] emphasized that modelling three-

dimensional geometry of geogrid/wire mesh could be highly
complex, although examples of such modelling do exist. In this

respect, numerical 3D modelling of the pullout test, based on
the finite element method with explicit 3D grid geometry, was
conducted by Hussein and Meguid [S6]. They used the program
package ABAQUS 3D (Dassault Systems Simulia Corp — [S7]) to
investigate the influence of individual model parameters on
simulation results, and they demonstrated that transverse ribs
of the analysed uniaxial geogrid contribute to the resistance to
pullout by only 36% of the total resistance. The published numerical
simulation does not contain a detailed sensitivity analysis, which
confirms that the results do not depend on the finite element
mesh density, although this problem can be significant because
the geometry of geogrid whose transverse ribs exhibit a very small
diameter (about 1.0 mm) was explicitly modelled.

In addition to the above mentioned 3D numerical simulation
by the finite element method, results of complex numerical
simulations based on the discrete element method have also
been published [98]. Furthermore, Tran et al. [99] presented
a numerical model that also describes the bending of grid
transverse elements at pullout (Figure 6). In this paper, the
authors developed a 3D numerical model in which finite
elements (FE) and discrete elements (DE) are combined with
interface elements that connect FE and DE domains. More
specifically, geogrid was modelled with volumetric finite
elements (solid elements) and soil with discrete elements.

Backfill

|

Reinforcement

Pullout

Figure 6. Numerical 3D model representing a combination of finite
elements (FE) and discrete elements (DE) [99]

The authors confirmed with this model the measured trend of
stress concentration at the front end of extensible geogrids,
and they also showed that the implemented model successfully
describes the behaviour of extensible grids in pullout conditions.
Similar conclusions were made in [100]. In 2016, Bathurst and
Ezzein [101] also pointed to limitations regarding practical
application of such complex models, namely because numerical
simulations of such complexity have not been successfully
applied for numerical simulation of structures (walls) made of
reinforced earth. Still, some conclusions and ideas arising from
the study of geogrid and backfill material interaction based on
DEM analysis are presented below.

DEM analysis is appropriate for studying the influence
of grain size and geogrid opening on the resistance at
the pullout. One such set of simulations was conducted
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Figure 7. lllustration of wire mesh and geogrid models published from 1994 to the present day: a) cable element of unit width
with interface element; b) longitudinal ribs (cable element) with interface element and transverse ribs as beam element;
c) only transverse ribs ad solid 2D element; d) 3D model with explicit geogrid geometry [93]

by McDowel et al. [102] who demonstrated that the 1:4
ratio of geogrid opening to grain diameter of backfill
material is optimal, i.e. that it results in the highest
limit resistance at pullout compared to other analysed
geometrical configurations (all grains are 40.0 mm in
diameter). According to this research, the mentioned ratio
of geogrid opening to grain diameter provides for the best
interlocking of grains in geogrid openings. A similar study
was conducted by Wang et al. [103] who investigated via
DEM numerical simulations the influence of the number
of transverse ribs on the resistance at the pullout. These
authors demonstrated that the limit pullout force increases
with an increase in the number of transverse ribs.

There are also examples of studies conducted to determine
the influence of backfill compaction, grain shape, and geogrid
stiffness, on the backfill to geogrid interaction, but the scope of
these studies is mostly limited to successful model verification
and to the visualisation of load transfer from geogrid to backfill
(e.g.[104, 105]).

The chronology of development of numerical pullout test
models based on finite elements and finite difference
methods is presented in conclusion of the overview of
research conducted so far in this area. Models described in
sections 3.1.1 and 3.1.2 are shown in Figures 7.a and 7.b,
while models to be used in this paper are presented in figures
7c and 7d (box cross section for 2D models and complete box
geometry for 3d model).

Numerical simulations of geogrid tests with the geogrid
model that includes openings (apertures) could be used
for studying the influence of box geometry and tested
boundary conditions on the limit resistance to pullout. Due
to the direct contribution of transverse ribs, it is possible
that the influence of friction of backfill and side walls, and
the influence of geogrid width as related to box width, will
be different from the influence determined with wire mesh
modelled by membrane element or 3D volumetric element.
This type of study is conducted in this paper, as elaborated in
full detail in Section 4.

4. New model and results of numerical 2D and
3D simulations

As a particular emphasis is placed in this paper on the influence
of boundary conditions on the resistance at pullout, an
appropriate set of 2D and 3D simulations of actual tests was
developed [93] to determine the influence of side wall friction
on the equivalent coefficient of friction.

The new numerical model is presented in detail in Figure

8. This model of wire mesh reinforcement is composed of

transverse and longitudinal ribs. Transverse ribs are modelled

with beam elements whose height is equal to the transverse
rib diameter, while longitudinal ribs are modelled with the truss
element that links individual transverse ribs. The proposed grid-
reinforcement model is relatively simple as the total resistance
to pullout is reduced to the passive resistance of backfill in front
of transverse ribs, while the friction and the contact between
the backfill and transverse ribs is neglected. This assumption
is justified by the results of experimental research, according
to which transverse ribs contribute to the total mobilised
resistance to pullout of wire mesh reinforcement much more

than longitudinal ribs (over 90%, [40]).

Based on detailed sensitivity analyses [93], the following details

of the numerical model, relating to the study of the influence of

boundary conditions on results, were adopted:

- Extremely small average dimensions of finite elements were
adopted, which is based on criteria that it should be verified
for every analysed model that further increase of density
does not influence results by more than 1% as related to
the previous density level (2D model - Figure 8.a), i.e. that
maximum capacities of the program are used as to number
of elements (3D model — Figure 8.b),

- Therefined finite element mesh was used in the zone around
transverse ribs (as the result is greatly influenced by density
in this zone), while lower density was used in the zone
situated further apart from transverse ribs. This enabled
significant savings as to the duration of computations/
analyses, with a negligible influence on the result.
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demonstrated that the new numerical
model successfully describes load transfer
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Figure 8. New numerical model of pullout test for wire mesh reinforcement: a) 2D model;

b) 3D model [92]

- Triangular finite elements with 15 nodes and 12 integrated
Gaussian points were applied during numerical 2D
simulation of the pullout test. A finite element in the form of
a tetrahedron, with 10 nodes and 4 integration points, was
used in 3D analyses.

- As similar limit pullout force values were obtained for similar
strength parameters by the Mohr-Coulomb and Hardening
Soil models, the Mohr-Coulomb constitutive model was
applied in further analysis.

- Pullout modelling with imposed displacement was selected in
this paper for pullout simulation, as the difference is quite small
between pullout simulation by imposed force or by imposed
displacement at the front end of wire mesh reinforcement.

- Results of sensitivity analyses show that the top and bottom
limits of the horizontal pressure coefficient at rest ranging
from 0.2 to 1.0 exhibit practically the same mobilisation of
resistance at pullout as in the case of initial stress modelling
using expression proposed by Jaky [106].

- The influence of the position of the back and bottombox
walls on limit resistance is negligible in comparison with the
position of the front and top walls. For this reason, special
attention was paid to the study of the influence of backfill
height above wire mesh reinforcement on the bearing
capacity at the pullout.

- The analysis involving greater deformation was applied,
as a difference exists between simulation results with and

mechanisms determined by microlevel
measurements and that the global
response of the model is in accordance
with published measurement results [93].
After the mentioned optimisation and verification of the new
model, several additional pullout test simulations were made
(144 for 2D model and 11 for 3D model) to determine the
influence of boundary conditions and geometry of wire mesh
reinforcement on the ultimate resistance at the pullout. Models
differ from one another by the level of backfill above the
reinforcement (H), mesh reinforcement geometry (S/t and L),
position of reinforcement in the box (x,), compaction of backfill
(defined by the angle of internal friction, dilation angle, and
elastic modulus), backfill and box wall friction (5, = 0°; 6° and
25°), and the ratio of box width to mesh reinforcement width
(B./B). Individual values are shown in Figure 9 and earlier in
Figure 2, while geotechnical parameters of backfill are given in
Table 2.

In all simulations, the load exerted on the surface of backfill
material was selected in such way that the initial vertical
effective stress is at the geogrid level y-H + 5, = 40.0 kPa
(corresponds to the depth of approximately 2.0 m below the
top of the wall, where the probability of pulloutis the highest
in a real-life wall). The steel wire mesh reinforcement with
the transverse and longitudinal ribs measuring 5.0 mm in
diameter was used in all analyses. Such — relatively stiff
— inelastic wire mesh reinforcement prevented failure of
reinforcement due to exceedance of tensile stress, and is
therefore considered suitable for the conduct of pullout
tests.

b)

Load o,
|
: SP Backfill (MC model; v, ¢', v, E)
|
|
LI LR \
Aol
: : : : : t=50mm
|
S X
| E.=2210° kPa
| sp Interface element ¢
|
|
P ~

Figure 9. Presentation of individual values: a) geometrical properties of wire mesh reinforcement and b) test setup and notation
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Table 2. Geotechnical properties of backfill material

Parameter, symbol, unit Loos? Dens.e
backfill backfill
Unit weight, y [kN/m?3] 17.0 17.0
Effective angle of internal friction, ¢’ [°] 31.0 44.0
Dilation angle, v [°] 3.0 11.0
Effective cohesion, ¢’ [kN/m?] 0.01 0.01
Reference elastic modulus, E_ [kN/m?] 10000.0 50000.0
Poisson ratio, v - 0.3 0.3

Typical 2D simulation results are presented in Figure 10 where
the influence of backfill density on the increase in resistance to
pullout is shown (Figure 10.a.). As expected, greater compaction
results in greater pullout force and faster mobilisation of
resistance (Fp) with and increase of imposed displacement at the
front end of wire mesh reinforcement (4 ). The zone of maximum
increment of shear strain at limit displacement (Figure 10.b)
points to the failure mechanism of backfill due to pullout. In case
of dense backfill, this failure is caused by attainment of limit
passive resistance in front of all transverse ribs, which causes
formation of two failure surfaces (under and above the geogrid
level). These two surfaces spread toward the front wall of the
box, which results in mobilisation of friction at the interface
between the backfill and this wall. The failure zone defined by
maximum shear strain increments is localised for loose backfill
around transverse ribs, and so backfill displacements at greater
distance from wire mesh reinforcement are considerably lower
than in case of dense backfill.

That is why the influence of boundary conditions on geogrid pullout
test results are considerably lower in case of loose backfill compared
to dense backfill. As compacted granular backfill — rather than loose
backfill - is normally used for walls made of reinforced earth, only the
case of dense backfill will be analysed during the investigation of the
influence of boundary conditions on test results.

The influence of friction at the front wall on the equivalent
coefficient of friction for dense backfill and wire mesh
reinforcement is shown in Figure 11. In accordance with the result
shown in Figure 10.b, and the related interpretation, greater
friction at the front wall results in an increase in resistance to
pullout (i.e. in an increase of equivalent coefficient of friction, f*).
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Figure 11. Influence of friction at the front wall on the equivalent
coefficient of friction [93]

The influence of friction reduces considerably with an increase
in the distance of the first transverse rib from the front wall,
which points to a less steep positioning of the regression line
determined for the case of distance, x, = 23.0 cm, as compared
to the distance, x, = 13.0 cm. In the case of loose backfill, this
influence is practically negligible as the backfill failure occurs
only locally in such material, and does not greatly mobilise
the mass of the backfill. These results are in accordance with
experiments in which the size of backfill zone around geogrid is
determined through transparent glass. In such experiments, the
said zone moves during pullout imposed at the front end [33].
Figure 12 shows the influence of the ratio of wire mesh reinforcement
length to backfill height above the reinforcement level (L /H) on the
equivalent coefficient of friction (f’) of dense backfill and reinforcement.
The results are related to the model with an ideally smooth front wall,
and with the ratio of distance to diameter of transverse ribs (S/t)
that amounts to 20.0 and 40.0. The use of wire mesh reinforcement
that is short as compared to overburden height (e.g. L/H =075,
Figure 12.b) results in a different failure mechanism, and in a more
significant influence of boundary conditions on simulation results as
related to the case of geometric configurations with greater ratio of
wire mesh reinforcement length to overburden height (eg. L/H =
4.15, Figure 12.b). Because of different pullout mechanism, in case
of lower L /H ratios (shorter wire mesh reinforcement — Figure 12.c),
one can observe an increase in average normal stress at the level of
reinforcement (s ) at limit displacement as compared to theinitial one,
yH+c,, and hence the interpreted value of the equivalent coefficient of
friction (f") is considerably higher than in the case when the slip surface
does not attain the front edge (Figure 12.b).

Loose backfill Dense backfill

Maximum shear-
strain increments
Maximum shear-
strain increments

A, ;- Limit prescribed displacement

Figure 10. Influence of backfill compaction on typical simulation result: a) force-displacement dependence; b) pullout mechanism for loose

backfill; c) pullout mechanism for dense backfill
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Figure 13 shows vertical stress diagrams at the interface
between wire mesh reinforcement and backfill (the cross
section is 5.0 mm above the geogrid level) at limit pullout force.
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Figure 13. Distribution of normal stress at limit pullout force, 5.0 mm
above the geogrid level
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The results show that numerical model can describe stress
distribution determined during tests (e.g. [24]), which differs
from the assumption that normal stress at wire mesh
reinforcement level is constant during the test. According to
theseresults, an average vertical stress along the entire length of
the box corresponds to the value of y-H+o, although an average
stress along the geogrid length is greater due to influence of
transverse ribs and boundary conditions. Considerable increase
in vertical stress occurs in the zone in front of transverse ribs
and, at that, this stress behind ribs practically falls to zero but
only to increase toward the following transverse rib (Figure 13).
The determined trend shows that the equivalent coefficient of
friction remains practically constant in case of ratios of L /H >
1.5. The use of wire mesh reinforcement that is relatively short
compared to the height of backfill above it (L /H < 1.5) results
in equivalent coefficients of friction that are greater than the
tangent of the angle of internal friction in the case of the use
of conventional assumption stipulating that normal stress at
the geogrid level remains constant from the start to the end
of pullout test (y'H+c, = const). By eliminating the influence of
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Figure 14. a) total backfill displacements at limit pullout force for wire mesh reinforcement Bs/B = 1,5; b) Influence of box width (at constant wire

mesh reinforcement width) on limit resistance at pullout
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Table 3. Influence of side wall lubrication (simulated by reduction of friction at the wall and backfill interface) and backfill compaction on the limit
resistance at pullout determined by 3D model

Backfill Dense backfill Loose backfill
~-and friction . R . . . .
BS/B =1,16 ‘\\\\\ SD =3 5b =6 617 =25 5b =3 5b =6 6!: =25
F oo KNI 10.8 113 17.2 5.7 5.9 8.2
boundary conditions, i.e. by placing wire Shear stress at the interface
a) Vertical stress, o, b) between two zones

mesh reinforcement further away from
the front wall, and by using sufficiently
low height of backfill as related to
reinforcement length, the realised
equivalent coefficients of friction become
lower or equal to the tangent of the
angle of internal friction of backfill (for
the analysed cases of backfill material).
Three-dimensional numerical simulations
were used to analyse the influence of wire
mesh reinforcement width and side wall
friction on test results. As the influence
of the backfill and front wall friction
was thoroughly investigated through 2D analyses, this wall is
modelled in all 3D analyses as an ideally smooth wall. The case
of wire mesh reinforcement with three transverse ribs installed
in dense backfill was analysed at vertical load of 30.0 kPa, all in
accordance with Figure 8. The constant reinforcement width of
30.0 cm was used in combination with the box width of 30.0;
35.0; 45.0; 60.0 and 90.0 cm, which defined the ratio of the
pullout box width to reinforcement width (Bs/B) of 1.0; 1.16; 1.5;
2.0 and 3.0. Numerical simulation results are presented in Figure
14. Figure 14.a shows total backfill displacements around wire
mesh reinforcement at limit pullout force, while the dependence
of force and displacement at the front end of reinforcement is
shown in Figure 14.b. The results show that the use of wire mesh
reinforcement that is narrower than the box results in an increase
of pullout force, which is in accordance with experimental
research conducted with geogrids [46].
In addition, it was demonstrated that the use of wire mesh
reinforcement that is not much narrower in width than the
box (box and reinforcement width ratio, B./B = 1,16), with the
Jubrication” of side walls (simulated by model through strength
reduction at this contact), greatly reduces the influence of
friction between the backfill and these surfaces. It can also be
seen that reduction of friction results, already at §, = 6°, in the
state of stress that corresponds to the practically ideally smooth
side wall (Table 3). Two basic trends can be differentiated based
on 3D analysis results:

- Side wall friction greatly influences limit resistance at the
pullout of wire mesh reinforcement from a relatively narrow
box,

- Contribution of side wall friction to the increase in limit
resistance is greater in the case of dense backfill compared
to loose backfill.

Reinforcement

Box height

AL
Pullout

Box width, g

Figure 15. 3D effect at pullout of grid narrower than the box: a) deformed configuration of
backfill; b) shear stress at the limit of dilating and non-dilating zones of backfill [93]

These trends are in accordance with experimental research
[46], which points to pullout test deficiencies in case the test
is performed with geogrid that is much narrower than the box.
Results obtained by 3D model in which geogrid is narrower than
the box are shown in Figure 15. Two typical backfill zones are
formed during pullout: top dilating zone (above the geogrid —
displacements oriented vertically toward the top of the box)
and the bottom non-dilating zone (under the geogrid) in which
backfill material exhibits low level of deformation. Shear stress
can be noted at the interface of these two zones, as shown in
Figure 15.b. This stress component increases normal stress at
side edges of wire mesh reinforcement/geogrid. This causes an
increase in pullout resistance as compared to the case when
this effect does not exist (i.e. when the wire mesh reinforcement
width is equal to the box width), which has also been registered
earlier in the case of strip shaped geosynthetics [24]. As wire
mesh reinforcements, unlike geosynthetic/steel strips, are
most often realized in walls in such a way that they cover the
entire surface, this effect should be reduced at grid pullout test
by using geogrids that are not narrower than the box, and by
lubrication of side walls of the box before the backfill is placed.

5. Conclusion

Numerical modelling can enable better understanding of
interaction mechanisms during realisation of pullout tests, and
can also assist in the elaboration of recommendations about
realisation of pullout tests. Numerical simulations of the pullout
of various geometrical grid-reinforcement configurations from
various types of backfill material have been used to improve
the understanding of interaction mechanisms in pullout test
conditions.
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- Based on an overview of simulations published so far in the
literature, numerical models of the pullout of geogrid/wire
mesh reinforcement from cohessionless backfill material can
be classified into four basic groups:

- test models with wire mesh reinforcement/geogrid as a
equivalent cable element of unit width (“geogrid” element),

- test models with wire mesh reinforcement/geogrid that is
composed of longitudinal ribs simulated by cable element of unit
width and transverse ribs modelled as beams of real thickness,

- test models with wire mesh reinforcement/geogrid that is
composed of transverse ribs only,

- test models with three-dimensional wire
reinforcement/geogrid.

mesh

Numerical models that simulate pullout resistance of
transverse ribs, or longitudinal and transverse ribs taken
individually, successfully describe behaviour registered during
the corresponding tests [28, 37, 40, 88]. These numerical
models can adequately describe dependence between force
and displacement, and hence they can predict equivalent
friction at the contact between wire mesh reinforcement/
geogrid and backfill that is used during traditional calculations
of internal stability of walls made of reinforced earth. Influences
of individual elements determined by physical tests presented
by Moraci et al. [25] do not practically differ from trends shown
in numerical analyses presented in this paper.
- Numerical simulations conducted in the scope of this paper
show that pullout test results are mostly influenced by:
- ratio of backfill height above the geogrid (H) to wire mesh
reinforcement length (measured from front wall - L)
- backfill and box wall friction (dominant at the front wall, but
considerable at side walls).
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