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ABSTRACT

The design methods used for soil mass structures, such as mechanically stabilised earth (MSE) structures,
are based on soil/reinforcement anchorage models which require the knowledge of the soil/reinforce-
ment interface friction capacity. However, different types of reinforcements are used in these structures
and present different behaviour. This study concerns two types of strips reinforcements. The first one is
metallic and is classically designed using elasto-plastic models (Schlosser and Guilloux 1981, Segrestin
and Bastick 1996). The second type is geosynthetic. The classical anchorage models do not take into
account the extensibility of this materiel and do not reproduce its complex behaviour.

In the first part this paper presents pull-out tests carried out on the two types of strips reinforcements
(metallic and synthetic) subjected to several levels of vertical stresses. The tests are carried out in
a metallic tank in controlled and instrumented conditions. In the second part, three modelling processes
of the pull-out tests are implemented. The first method takes classical anchorage models into account.
The second method improves the friction model using the analysis of the experimental tests. The last
method adds the real tensile behaviour of the synthetic reinforcement to the second and assumes an
initial strain threshold ¢y (Bourdeau et al. 1990) in order to simulate the delayed mobilisation. This
analysis leads to parameters which qualify the interaction between metallic or synthetic strips and the

soil mass, and enable a better understanding of the behaviour of the structures.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In mechanically stabilised earth (MSE) structures, a granular soil
mass is set up in successive horizontal layers between reinforcing
elements (metallic or synthetic strips). Generally, ribbed steel strips
are used in these types of structures. However, in aggressive
environments, geosynthetic straps are preferred due to their non-
corrodible properties.

Currently, the methods used for the modelling of this structure
type are based on the classical anchorage models of reinforcement
(linear strip stiffness model for the reinforcement and an elasto-
plastic friction model for the interface). These methods, developed
for the metallic, and thus inextensible, reinforcements, were simply
extrapolated to extensible materials. This practice is justified only if
structure stability has to be ensured. But the deformation behav-
iour is more complex, thus the use of new models is necessary for
a better optimisation of these structures.

These last years, many experimental tests (Yoo and Kim 2008,
Won and Kim 2007) and theoretical studies (Leshchinsky 2009,
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Ling et al., 2005, Koerner and Soong, 2001, Yoo and Jung 2006)
have been carried out on geosynthetic reinforced soil walls.
However, most of them focus on the global stability of these
structures.

In order to take into account the real behaviour of the structures
reinforced by extensible reinforcement, it is necessary to have
information on:

- the reinforcement material: a tensile test on a free synthetic
strap gives the definition of its characteristics;

the soil/reinforcement interaction: the force that develops in
the strap is a tensile stress which results from the shear stress
between the reinforcement and the soil. The deformations of
the soil and the inclusion have an important influence on the
shear stress distribution along the reinforcement. Thus, the
interface friction cannot be considered as a local phenomenon
(Schlosser and Guilloux, 1981). A pull-out test allows us to
simulate the tensile stress applied on the reinforcement and to
define the evolution of the interface parameters during its
mobilisation (Sieira et al., 2009, Khedkar and Mandal, 2009, Su
et al,, 2008, Palmeira, 2009). Unlike the direct shear test, the
pull-out test highlights the evolution of several parameters:
shear stress and friction along the soil/reinforcement interface;
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Nomenclature

HA high adherence

] geosynthetic elongation modulus (kN/m)

L reinforcement length (m)

T tensile force (kN)

Ty tensile force at the head of the reinforcement (kN)

Tix) tensile force along reinforcement (kN)
relative soil/reinforcement displacement
corresponding to the total mobilisation of
friction (mm)

Un head displacement (mm)

Ur rear displacement (mm)

U displacement along reinforcement (mm)

b reinforcement width (m)
dx infinitesimal element length along soil-reinforcement
interface (m)

f friction coefficient at the soil/reinforcement interface

f maximum apparent friction coefficient at the soil/
reinforcement interface

Ko coefficient of earth pressure at rest

ay initial vertical stress applied on the reinforcement (kPa)

10) friction angle (°)

Y bulk unit weight (kN/m?)

T interface shear stress (kPa)

T maximum interface shear stress (kPa)

€ local strain

€0 initial strain threshold

the soil dilatancy and the reinforcement strain. These param-
eters are taken into account in several design methods of MSE
walls (e.g. Norme francaise NF P 94-270, 2009).

- the granular soil mass: classical tests define its geotechnical
parameters.

Considering the real behaviour of the constitutive material as
well as parameters governing the behaviour of the soil/synthetic
reinforcement interface by experimental tests, more realistic
anchorage models are determined.

The classical anchorage models are based on a linear strip
stiffness model for the reinforcement and an elasto-plastic friction
model (Cambefort, 1964, Frank and Zhao, 1982) for the soil/rein-
forcement interaction. These assumptions are not accurate enough
when considering the behaviour of the synthetic reinforcement.

Several anchorage models were previously proposed. Some
authors make an improvement of the stiffness model for the rein-
forcement materiel:

- Bourdeau et al. (1990) presents a modified stiffness model
which admits an gg at the beginning corresponding to an initial
strip strain before there is any tensile-load application. It takes
into account the elongation of flexible inclusions.

- Ling et al. (1992) formulate the geosynthetic elongation
modulus as a nonlinear function of the confinement stress
level. Indeed, Wu (1991) and Ballegeer and Wu, (1993) obtain
different values of the elongation modulus for geosynthetic
reinforcements according to the confinement conditions.

Other authors take into account the interaction parameters at
the soil/reinforcement interface:

- Sobhi and Wu (1996) suggest an analytical model supposing
that each segment of the reinforcement passes through three
states, a stationary state of confinement, a state of friction
mobilisation at the soil/reinforcement interface and, finally,
a state of cumulative strain. Based on the experimental results,
they propose methods to predict the state of each zone of the
reinforcement at the time of the head tensile-load application.

- Gurung et al. (1999) express the results of tensile-load-
displacement along an extensible reinforcement subjected to
the pull-out, in the form of a differential equation of
a nonlinear hyperbolic behaviour. The modelling results are
rather close to the laboratory test results carried out by Sobhi
and Wu (1996) and Abramento and Whittle (1995).

- Racana et al. (2003) show that the tensile load applied along
a flexible reinforcement anchored in the ground, is not
homogeneous. Because of its flexibility, the reinforcement

presents corrugated zones where the tensile load is lower than
the straight zones. So, they suggest taking into account, in
practice, a shorter reinforcement length than reality to
approach the real conditions.

In this paper we present two new models. The first takes into
account a realistic friction model at the soil-reinforcement interface
with a simple strip stiffness model. The second adds a real strip
stiffness model to the previous one. Then they are confronted with
a classical modelling method. These new models are validated and
their parameters are generalised after application on all the pull-
out tests carried out in laboratory.

2. Three-dimensional physical modelling

Pull-out tests were carried out on metallic and synthetic rein-
forcements in a granular material. The material used in the tests is
fine sand known under the name of Hostun RF sand. Various
authors have studied this material (Gay 2000, Flavigny et al., 1990).
The main physical and granulometric characteristics are referred to
on Table 1.

Two reinforcement types have been used: metallic and geo-
synthetic. Commonly, in MSE walls, only one metallic strip is con-
nected to each attachment point of the facing panel. For the walls
reinforced by synthetic reinforcement, one pair of parallel straps,
50 mm apart, is connected to each attachment point of the facing
panel. The influence of the close synthetic straps could lead to
a different behaviour.

For the metallic reinforcements, only one metallic strip is pulled
out in each test. For the synthetic reinforcements, two types of test
were carried out:

- The pulling-out of only one strap. This installation enables us to
compare the results obtained between one metallic and one
synthetic strap.

- The pulling-out of pair of parallel synthetic straps. This layout
reproduces conditions closer to real structures.

Table 1
Characteristics of the Hostun RF sand
Characteristics Value Characteristics Value
Granulometry (mm) 0.16-0.63 Angle of friction (°) 38
D10 (mm) 0.2 Dilatancy (°) 8
D60 (mm) 0.42 Unit weight of the grains (kN/m3)  26.5
Maximum index 1.041 Maximum volumic weight (kN/m3) 15.99
of vacuums
Minimal index 0.648 Minimal volumic weight (kN/m3) 13.24
of vacuums
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2.1. Procedure

The tests were carried out in the following way: half of a metallic
tank is filled by pluviation with a granular material. Reinforcement
(synthetic or metallic) is installed on the flat surface of the sand and
connected to an extraction jack positioned in front of the tank. Three
types of connection systems were conceived in order to carry out the
tests on: only one synthetic strap; two parallel synthetic straps and
one metallic strip. Displacement sensors installed at the back of the
tank, are connected to various points along the reinforcement to
measure displacements. A load sensor installed between the extrac-
tion jack and the connection system enables the measurement of the
tensile force applied at the head during the test. After connecting all
the sensors, the tank is finally filled with granular material. An air
cushion, which permits the application of a surcharge, is then placed
between the ground inside the tank and the tank closure. This cushion
is inflated by air pressure and controlled by a pressure gauge. Before
installing the air cushion metallic plates are placed on the ground
surface. These rigid plates permit a better simulation of the boundary
limits of a soil layer inside a segmental reinforced retaining wall.
Lastly, after closing the tank and applying the pressure in the air
cushion, one starts the extraction jack. The pressure in the cushion is
kept constant during the pull-out test. Within the framework of our
tests, the pull-out speed is fixed at 1 mm/min, corresponding to
a value commonly adopted (Alfaro et al., 1995).

2.2. Description of tools and materials
2.2.1. Reinforcements
e Geosynthetic

The synthetic reinforcements used in the tests are straps which
are 50 mm wide and 2 mm thick containing high-tenacity polyester
yarns protected by a polyethylene sheath (Fig. 1a). Known under
the name of GeoStraps, they are used in Reinforced Earth structures
without any metal (thus corrodible) intermediary.

e Metallic

The steel strip is made of galvanised and ribbed steel and known
under the name of High Adherence strip (HA 50x4). In this case,
the dimensions are: width: 50 mm and thickness: 4 mm (Fig. 1b).

2.2.2. The experimental tank

The pull-out tests were carried out with an experimental device
which conforms to the standards recommendations ASTM D6706-
01 and EN 00189016. The test tank is metallic with large inner
dimensions: 1.10 m wide, 1.10 m high and 2.0 m long

The position of the synthetic straps in the tank and the
measuring points on the straps are illustrated in Fig. 2 which shows
how the reinforcement is fixed to the connection system for the
tests carried out on two synthetics straps. Two other connection
systems were used to connect the metallic strip and one synthetic
strap to the extraction jack.

The measuring points enable us to monitor the displacement of
each part of the strap and to highlight the progressive mobilisation
of the reinforcement.

2.2.3. The sensors
o Displacement sensors

To measure displacements along and at the head of the rein-
forcement, cable displacement sensors with a capacity of 250 mm
are used. They are placed on the support at the front and the back of
the tank then lengthened and connected by a steel cable of 1 mm
diameter at various points on the reinforcement. In order to avoid
any friction effect with the soil, these cables are sheathed in Teflon.

e Load sensor

In order to measure the tensile force, a load sensor is placed
between the extraction jack and the connection system.

3. Analysis of experimental results
3.1. Tests carried out

Altogether, 26 tests were carried out. 5 tests on the metallic
reinforcement, 8 tests on only one synthetic strap and 13 tests on
two parallel synthetic straps. These tests enabled us to compare
and better understand the behaviour of the two types of rein-
forcement (synthetic and metallic) and to evaluate the difference
between the set up of one or two parallel straps.

Five levels of confinement stress were applied in tests (7 kPa,
22 kPa, 40 kPa, 60 kPa and 80 kPa) to simulate various depth levels
of a real structure. The ground density values obtained in all the
tests are very close and vary between 1.51 and 1.54. It shows that
the pluviation system can reproduce a required ground density.

3.2. Results analysis

3.2.1. Stresses distribution in the test tank

Pull-out test results can be influenced by boundary conditions.
In this physical model, a pressure is applied on the surface of the
tank. Due to friction on the internal tank walls, some uncertainties
on vertical stress at the reinforcement level can remain. Commonly,

Synthetic strap (Geostrap®)

Metallic strip (HA 50x4)

Fig. 1. Reinforcement: a. Synthetic strap (Geostrap®) b. Metallic strip (HA 50x4).
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Fig. 2. Position of two parallel synthetic straps and the displacement sensors.

to avoid this problem, a double layer of polythene is laid between
the soil and the tank walls with grease or oil between the two
polythene layers (Palmeira and Milligan, 1989). This technique is
time consuming during the installation. In our case, the set up of
load sensors at the bottom and on the tank walls has been chosen in
order to control the stresses distribution. The results obtained by
these load sensors show that the stresses measured at the bottom
are lower by 30-40% than those applied on the surface.

To determine the stresses applied at the tank centre, where the
reinforcement is anchored, load sensor results and analytical
calculation using Terzaghi’s formula are combined (See Appendix
A). First, the results obtained from the analytical method at the
bottom of the tank are validated by the sensors measurement. Then
the stresses applied at the center of the tank are calculated by the
analytical method.

3.2.2. Influence of the confinement stress
e On the reinforcement mobilisation

The mobilisation along the metallic reinforcement is instanta-
neous for any confinement stress. However, the synthetic strap
behaviour is more complex and varies with the confinement stress
variation. Fig. 3 shows that in the case of the synthetic strap, for
a confinement stress of 7 kPa, the curve of the tensile stress versus
the displacement can be assimilated to a bilinear model. For
a confinement stress of 80 kPa, the curve is close to a three-linear
model. The defining of a new friction model will be based on the
parameters of these curves.

The analysis of the head displacement versus the rear
displacement of the two reinforcement types (Fig. 4) shows that the

30
254 a"'

20 =

15

10 v

Head tensile force (kN)

0 a"' : : ‘
0 20 40 60 80
Head displacement (mm)

Fig. 3. Behaviour at the head of synthetic reinforcement under two different
confinement stresses.

mobilisation along the metallic reinforcement is instantaneous. The
rear moves when the head moves. On the other hand, in the case of
the synthetic reinforcement, a delay can be observed. Tension, as
well as displacements, is gradually mobilised from the head to the
rear of the straps. So, the tail is mobilised after the displacement
threshold at the head is reached. This threshold increases as the
confinement stress increases. The mobilised length of the rein-
forcement depends on the head displacements and on the
confinement stress. The mobilised length of the strap increases as
displacement at the head is increased.

e On the soil/reinforcement interface friction

In a dense and dilatant granular soil, under the effect of shear
stresses T exerted by reinforcements, the volume of the
surrounding zone tends to increase (Schlosser and Elias, 1978;
Schlosser and Guilloux, 1981). This results in an increase (Agy) of
the initial vertical stress a,0. Hence, the vertical stress ¢, applied on
the inclusion becomes ¢, = 0,9 + Ag,. This phenomenon is named
constrained dilatancy. The real friction coefficient f is thus
expressed:

f= Tmax
a,0 + Ao,

The three-dimensional character of this phenomenon and the
influence of dilatancy are difficult to take into account in design
methods. Schlosser and Elias, 1978, defined an apparent friction
coefficient f* to take this phenomenon into account in practice:

Tmax
=
0,0
25
g 50 | Metallic (80 kPa) / Synthetic (7 kPa)
g / /
g 15
8 / Synthetic (80 kPa)
= 4
g 10 / /
&
& 51
[J]
14 /
0 ‘ :

0 20 40 60 80
Head displacement (mm)

Fig. 4. Rear displacement versus head displacement of metallic and synthetic rein-
forcement under two different confinement stresses.
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Fig. 5. Variation of apparent friction coefficient versus confinement stress for the
synthetic and metallic reinforcements.

Fig. 5 shows that the maximum friction coefficient at the soil/
reinforcement interface decreases as the confinement stress
increases on the two types of reinforcement (metallic and
synthetic) and also for the two layout types of the synthetic rein-
forcement (one and two parallel straps) due to the constrained
dilatancy phenomenon.

3.2.3. Influence of the layout of the synthetic straps

The confrontation of the values of the maximum friction coef-
ficient, between two straps and one strap, shows that this param-
eter is greater in the case of two straps, especially under high
confinement stresses (Fig. 5). Therefore, two parallel, closely spaced
synthetic straps improve the friction between the ground and the
reinforcement under high confinement stresses. It permits us to
obtain better friction coefficients than those used in practice in the
design of MSE walls. This friction improvement is probably related
to an arching effect and a soil dilatancy which are created between
the two straps and thus increases the stress area around the
inclusions (Fig. 6).

4. Analytical and numerical modelling

Modelling reinforcements anchored in a soil mass and subjected
to a tensile force, requires the knowledge of two models:

o the reinforcement stiffness model T - ¢(Fig. 7); this defines the
relation between the applied tensile force (T) and the strain
using the elongation modulus (J = ES).

A. Abdelouhab et al. / Geotextiles and Geomembranes 28 (2010) 44-53

AT

ES

Fig. 7. Strip stiffness model.

e a local friction model (f - U) between the ground and the
reinforcement (Fig. 8); this defines the relation between the
soil/reinforcement friction (f) and the relative displacement
(U). The parameters of this model are the maximum friction
coefficient (f*) and the equivalent displacement (U").

Usually, the shear stress (7) is used in the expression of the
friction model. However, to take into account the ground dilatancy,
the apparent friction coefficient (f*) is used.

Three modelling approaches sorted by increasing order of
complexity were implemented. The first modelling M1, considers
simple behaviours for the two models (friction and stiffness
model), the second M2, takes into account a more realistic friction
model and finally, the third M3, uses the real behaviour of the
synthetic straps. In this study, only the first was used for the
metallic reinforcements.

4.1. First modelling (M1)

In this case, the method adopted by Schlosser and Guilloux,
(1981), Segrestin and Bastick (1996) was implemented. The
shear stress (t) is replaced by the apparent friction coefficient
(f=r/ay) (Fig. 8). The strip stiffness model is a classical model
(T=]Je).

The principle of the method M1 consists in writing the equi-
librium of forces in each infinitesimal strap section by combining
the elasto-plastic strip stiffness model with the classical local fric-
tion model. Differential equations are obtained and solved analyt-
ically considering three mobilisation stages of the strap (see
Appendix B). The solution of the equation makes it possible at each
stage to calculate tensile force and displacements at each point x
along the reinforcement.

S A AN
n.{ ” V /[ @}C(K\'LM{\F
/i:l;‘;i\ e ‘{\;t \ : \,\r ﬁ ,, 3,\_ — Granular soil
:‘:r‘-:/}‘ Vg .* ¢ N Jh ¥ AN :\‘L-./“-!‘

N lw/ Q *- g AN ”,{(

| Arching effect
s P

Strips TS Stresses concentration
DA
@)
2 1 NS
i *k 4 ‘t WA &\
L ‘cfst\/v‘ Al f‘\iﬁ J{ \T\&,\ NN

Fig. 6. Schematisation of the arching effect around the reinforcement.
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Uy U*

Fig. 8. Local friction model.

4.2. Second modelling (M2)

The curves analysis Ty = f (Uy) obtained from the pull-out tests
led to a square root model for the soil/reinforcement interface
friction (Fig. 9). The strip stiffness model of M1 is preserved. Thus,
the local friction model taken into account is defined in the
following way:

feo) = fJusur

Combining the square root friction model with the elasto-plastic
strip stiffness model leads to more complex differential equations
which are non-solvable by analytical development. A discretisation
of the square root curve was thus carried out and led to classical
differential equations. These equations are numerically solved by
using Matlab. Fig. 9 shows an example of this process, for U < U;mal
the root curve is divided into n phases which lead to n differential
equations. In each of these phases, we consider a simple elastic
model as in the first modelling M1.

When considering UL] and f{:l as the origin of the curve in each
step i (Fig. 9), we deduce: U(x)/U; = f(x)/f;. Combining this
relation with the equation (1) (see Appendix B):

f A
fn* = f*l'mal
fox) B
"
U
«—> "
step U]* Uz* Un* = U*final
Sk
U(X%]l
U*i=1* step
fi* - f:l
Slope;= Ui -U 4,
. U,
f, = U —
With fod

Fig. 9. Square root friction model divided into n phases.

dT(x) = 2bf(x)o,dx (1)
we obtain:
dT(x) « U(X)

dX = bel 0’1}? (2)

1

The local strain ¢(x) at the point of abscissa x is given by the strip
stiffness model (see Appendix B).

T T 3)

From (2) and (3):

2 2bfa, 2 2bf; 0,
V) 2D 0v iy g ana ETX 20y
Y Ex I
if U< Ug,.
Ux)  2bf o, I o : .
o _; = 0 and dx *bei o, =0 if U> Utinal

The numerical solution of these equations allows the calculation of
the tensile force and displacement at each point x of the
reinforcement.

4.3. Third modelling (M3)

The strip stiffness model was also improved in order to better
take into account the delayed mobilisation of the synthetic
reinforcements. This was done by taking into account the real
strip stiffness model, using results from tensile tests carried out
on a free synthetic strap. A complement was added to this model
by introducing an initial strain ¢g (Bourdeau et al., 1990). Indeed,
in real conditions, due to the flexibility of the reinforcement and
of the non-uniformity of the surface on which it is installed, an
initial strain &g is reached without even applying a tensile force
(Fig. 10).

The strip stiffness models determined by tensile tests for one
and two synthetic straps are taken as nonlinear curves approxi-
mated by polynomial functions (T=apg+a; €+az e+ as e+ EV
et tase’+agel+ay e’ +aged) It permits the accurate reproduc-
tion of the strip behaviour for a stiffness of the strip ¢ < 11.5%. The
values of the polynomial function coefficients for one and two
synthetic straps are specified in Table 2.

The new strip stiffness model becomes T(x) = " a;é!(x), which
leads to:

AT

E

€

Fig. 10. Modified synthetic strap stiffness model (¢ =T/] + ¢o).
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d L d

The introducing of g leads to:

T(X) = Y ai(e(X) —e0)" and &(X) = > biT(X)"+e

Combining this new model with the discretised square root friction
model led to differential equations. Solving these equations
numerically enabled the calculation of the tensile force and
displacement at each point x of the reinforcement.

4.4. Search for optimum parameters for the three modelling
approaches

Analysis using the three previous modelling approaches induces
an optimisation of the parameters allowing us to simulate the
experimental tests with the highest degree of accuracy. These
parameters are specified in Table 3. An automatic optimisation was
implemented with Matlab software. The criterion used to estimate
the error between the modelling result and the experimental result
is as follows:

2
E = \/Z(ui calculated — Ui measured)

The parameters retained for the anchorage models are those
which lead to the smallest error.

4.5. The efficiency of modelling approaches

Using experimental tests, the parameters for the three modeling
approaches were calculated using the optimisation approach.

In the case of the metallic strip, only the first method M1 was
used. It leads to the correct reproduction of the strip behaviour at
the head (Fig. 11).

Fig. 12 shows the comparison between the experimental tests on
the synthetic straps and the modelling method M3 for a confinement
stress of 80 kPa. The three modelling approaches reproduce the head
displacements well. The theoretical and experimental results almost
follow the same curve, in particular in the case of one strap.

For the rear displacement, M1 considers that the reinforcement
is instantaneously mobilised along its entire length. In the case of
the metallic strip, it gives good results and reproduces the end
displacement of the strip well (Fig. 13). For the synthetic straps, this
method leads to a discrepancy between the experimental and the
theoretical curves (Fig. 14). M2 gives better results than M1 and
allows us to simulate a small delay of mobilisation at the strap end.
However, a discrepancy between the theoretical and the experi-
mental curves is still observed in this modelling. M3 led to a better
simulation of the mobilisation of the synthetic straps. Indeed, as
shown in Fig. 14, the curves of the end strap displacement obtained
from this method are almost perfectly superimposed on the
experimental curves.

Table 2
Parameters of the strip stiffness models.

Parameter 1 Synthetic strap 2 Synthetic straps
ap 475 x 107 476 x 1074

a —2.80x107° ~148 x107°

a, 236 x 104 592 x 107>

a3 150 x 104 1.88x 107>

a, —2.72x107° -1.70x 107

as 1.96 x 10°° 6.11x 1078

ag —7.15%x 1078 ~1.12x107°

a; 1.32x107° 1.03 x 10~

ag —9.73 x 1012 -3.80x 10714

Table 3

Necessary inputs to modelling.
Experimentally determined parameters ]
Optimisationally determined parameters U, &

Modelling results obtained on one strap are slightly better than
those of the two straps (Table 4). The arching phenomenon
between two straps and its influence on the straps behaviour is not
taken into account in the modelling.

The error displacement values calculated at the strap end for the
3 modelling methods (Table 4), confirms that the modelling M1 is

30
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20 +—

15 —
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10 1 —— Experimental ||

Head tensile force (kN)

04 ‘ ‘ :
0 10 20 30 40

Head displacement (mm)

Fig. 11. Confrontation of the experimental and modelling results (strip head - metallic
strip - confinement stress = 80 kPa).
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&
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Fig. 12. Confrontation of the experimental and modelling results (strap head - two
synthetic straps — confinement stress = 80 kPa).
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Fig. 13. Confrontation of the experimental and modelling results (strip end - metallic
strip - confinement stress = 80 kPa).
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Fig. 14. Confrontation of the experimental and modelling results (strap end - two
straps - confinement stress = 80 kPa).

adapted only to the metallic reinforcement and the modelling M3
leads to a better simulation of the synthetic strap behaviour.

4.6. Generalisation of modelling parameters

The modelling of all tests allowed us to validate the third
modelling (M3) and led to the determination of the soil-structure
interaction parameters. A generalisation of these parameters was
realised after the modelling of all the tests.

4.6.1. Relative soil/reinforcement displacement corresponding to
total mobilisation of friction (U")

The evolution of the parameter U* versus the confinement stress
is represented by three different curves (Fig. 15). The first one
represents the evolution of these parameters in the case of the
modelling of only one synthetic strap, the second one represents
the modelling of two synthetic straps and the third one represents
the modelling of the metallic strip. These curves are approximated
by the following linear equation:

U' = ao,+ 08

Table 4
. Error function at the end of the reinforcement.

Type of strip Confinement 22 (kPa) 40 (kPa) 80 (kPa)

1 Strap 2 Straps 1 Strap 2 Straps 1 Strap 2 Straps

Metallic Modelling 1 - - 4 - 3 -
Synthetic Modelling 1 68 77 15 57 16 66
Modelling 2 68 76 15 55 12 59
Modelling 3 8 9 8 51 5 15
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Fig. 15. U’ evolution versus confinement stress.

Table 5
Friction model parameters.

1 Synthetic strap 2 Synthetic straps Metallic strip

« (mm/kPa) 0.017 0.09 0
6 (mm) 27 3.7 6

Maximum apparent friction coefficient
0.5 1 1.5 2

o
o
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Fig. 16. f* evolution versus confinement stress.

The values of « and g are specified in Table 5 for different cases (one
synthetic strap, two synthetic straps and one metallic strip); ayis
the confinement stress (kPa).

4.6.2. Maximum friction coefficient at the soil/reinforcement
interface (f*)

The evolution of f* versus the confinement stress is presented in
Fig. 16. These three curves are rather close to the standard line used
in the internal design of the MSE walls. The equation of this stan-
dard line is:

* o (120—(7],) x Oy
f=hx—30 thixp

with fg as the maximum friction coefficient at the top surface of the
retaining walls (where ¢,=0) and f; is the maximum friction
coefficient at a depth of 6 m (where ¢, = 120 kPa) in the retaining
wall (NF P 94-220-0).

gy is the confinement stress expressed in kPa.
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Fig. 18. Tensile-load variation along the reinforcement.
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4.6.3. Initial tensile strain threshold (¢g)

This parameter depends mainly on the initial tension conditions
of the strap. Its values cannot thus be generalised. In our modellings,
the order of magnitude of gj varies between 0.3% and 0.45% in the
case of one synthetic strap, between 0.3% and 0.6% in the case of two
synthetic straps and equal to zero in the case of the metallic strip.

5. Conclusion

The experimental part of this study, which concerns the labo-
ratory pull-out tests, enabled us to analyse and to define the
parameters influencing the interface behaviour of the synthetic and
metallic strips with sand under various confinement stress levels.

The behaviour of these two reinforcement types (metallic and
synthetic) is very different:

- The behaviour of these two reinforcement types (metallic and
synthetic) is very different:

- The friction mobilisation along the metallic reinforcement is
instantaneous for any confinement stress.

- The synthetic strap behaviour is more complex. Tensions as
well as displacements are gradually mobilised from the head to
the rear of the strap. So, the tail is mobilised after the
displacement threshold at the head is reached. This threshold
depends mainly on the strap stiffness, the set up conditions of
the strap and the confinement stress.

The maximum friction coefficient at the soil/reinforcement
interface decreases as the confinement stress increases on the two
types of reinforcement (metallic and synthetic). This phenomenon
is due to the constrained dilatancy of the ground which leads to the
increase in the vertical stress under low confinements.

The tests carried out on synthetic straps show that the use of two
parallel, closely spaced, synthetic straps increases the friction
parameters at the soil/reinforcement interface. This increase is
probably related to an arching effect which is created between the
two straps and thus increases the friction area around the inclusions.

Considering the real strip stiffness model as well as the soil/
synthetic reinforcement interface friction model of the experi-
mental tests, more realistic modelling methods are determined.
Indeed, three modelling approaches have been implemented:

- the first model (M1) considers simple behaviours for the two
models (friction and stiffness model), this method adopts an
elasto-plastic behaviour of the friction and strip stiffness
models. The experimental results show that this method does
not concord with the synthetic reinforcement behaviour.

- The second model (M2) considers a more realistic friction
model represented by a square root curve and a classical strip
stiffness model. It gives a better simulation of the synthetic
strap behaviour.

- The third model (M3), in addition to the square root friction
model, takes into account the real strip stiffness model. In order
to take into account the delay of mobilisation along the strip, an
initial deformation & in the strip stiffness model is used.

Modelling of all tests by the third method (M3) enabled us to
simulate accurately the behaviour of synthetic straps under various
conditions, validating the new friction and strip stiffness models
and finally defining the soil/reinforcement interaction parameters.

The database will allow us to better take into account the
phenomenon of soil/reinforcement interaction in structures rein-
forced by synthetic strips. The models have to be implemented in
numerical codes and will permit a better understanding of the
behaviour and inherent safety of such MSE walls.

Appendix A

Terzaghi’s formula (1943) permits the calculation of the vertical
stresses (gy) applied along a ground column assuming that stresses
are proportional to the arching developed in the ground (Jenck
et al., 2005).

He
_ 'YBC B —2Ka tan d)RB—C B
% = JKatan ¢R(l ¢ ) + (v(Hg — He)

He
—2Ka tan ¢g——
+ap)e Bc

The definition and the values of the parameters are reported in
Table 6.

Table 6

Parameters used for Terzaghi’s formula.
Parameter Definition Value
Ka Coefficient of active pressure. In this case we take Ka=Ko 0.5
Bc (m) Column width of soil 1.1
Hg (m) Soil height 1.1
He (m) Height of equal soil settlement 1.1
ay (kPa) Vertical stress along the column of the soil -
ay1 (kPa)  Vertical stress at the bottom of the column of soil -
ao (kPa) Surcharge 0
or (°) Friction angle of the soil 38

For a homogeneous settlement: He = Hg (Russell and Pierpoint,
1997), hence the vertical stress applied at the bottom of the column
(ay1) can be calculated as following:

2Ka tan ¢ He 2Ka tan ¢ He
—zKa tan ¢gp=— —<zKa tan ¢gp—=—
B (l —e RBC) + gge “Bc

71 = IKa tan g

Appendix B

The analytical development of the first modelling (M1) equation
leads to three mobilisation stages of the reinforcement:
1st stage Uy < U": The strap is in a mobilisation state.

The inclusion is positively dT(x) = 2bf(x)o,dx (1)
directed from the rear
R to the head H (Fig. 17). dT(x 2bf o
Along an element length di ) _ 5* U(x) (2)

dx, the elementary
tensile-load is given
T
by equation (1). % = % = ¢(x) 3)
From Fig. 8, we deduce
the relation (2).

The local strain ¢(x) at the

position x is calculated d2T(x 1 X u*
from the inclusion dx(z ) - FT(") withp = \/ﬁ 4
tensile-load model
(Fig. 7).

The general solution of
differential equation (4)
leads to equation (5a).

T(x) = Ash(x/p) + Bch(x/p) (5a)

Applying the initial
conditions, for x=0,
T=0 we obtain B=0 (6b).

T(x) = Ash(x/p (5b)
Ty = Ash(l}pé glence A= %
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At the reinforcement head x =1,

T="Ty; sh(x/p)
we can write equations (6) and e = THsh(l/p) 2
(7).
_ #Ty chx/p)
iy 07 @

2nd stage Uy > U", Ur < U": In this stage, the reinforcement is divided in two
parts (Fig. 18), a part at the head (x > x") where the friction is completely
mobilised and a part at the rear (x < x*), where the friction is in a
mobilisation state.

Zone 1.x>x": T and x
evolve with the
evolution of the pull-
out load and with
displacement at the
head, these two
variables are
determined by the
equations (10) and (11). *

! oy and (D . :j%th(x‘/p) (10)

x*) th (x* /p)

T(x) = 2bf‘o,dx and 4% = 0

TX) = T +pf o (x—x") (®)

Ux) = U" +J(x x)+%¥0”(x7x*)2

bf*ou(l -~ x*)2+U7*(l B
(UT =

Zone 2. x < x": In this zone
(see Fig. 18), we can . sh(x U* sh(x
apply the equations ney =7 Sh((x*//lg) = ]7 ch((;c*/;);) (12)
developed in the 1st
stage, where the
reinforcement length
would be I =x" and the
head tensile-load Ty =T".

pT" ch(x/p) _ = ch(x/p)
U = J sh(x*/p) =v ch(x*/p) (13)

3rd stage Uy > U, Ug > U": The strap is entirely released
dT(x) = 2bf ovdx and Y& — T,
then T(x) = 2bf gvx — C] (where C1 is a constant)
forT=0etx=0:

T(x) = 2bf ovx (14)

then:

S 2
Ux) = bf+”x

— C2 (where C2 is a constant)

for x =0 U(x) = Ug

bf " ovx?

J

However, Ty cannot exceed Ty = 2bf avl

Ux) =

+ Ug

When Uy is the data:

bf*avl?
J

Uy = +Up

7bf*"”(127x2) (15)

U = Up ==
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