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ABSTRACT: A small-scale physical model of a retaining wall reinforced with polypropylene
geogrids was recently designed and tested at the University of Padova (Italy), with the main aim of
investigating the overall response with time and temperature. The sample of reinforced dense sand
was monotonically loaded to failure through a stepper motor and via a rigid plate resting on top.
Such an extensive and reliable experimental database can be used to calibrate the relevant numeri-
cal analyses, which were carried out with two different methods (FEM and FDM). For the purposes
of this paper, only the data from the quick reference tests were taken into consideration, i.e. ne-
glecting the effects of time and temperature. The capability and reliability of the numerical codes to
describe the measured behaviour are compared and discussed, particularly with reference to the
most suitable choice of the materials parameters. A good agreement between experimental data and
results from both numerical methods is shown. Considering the rather complex case of confined
soil-geosynthetics interaction, only preliminary results are presented here, which do not explore all
possible situa-tions. The final goal is extending the validity of the experimental results and devising
new suitable design methods.

1 INTRODUCTION

The ever increasing use of geosynthetics as reinforced elements in soil structures urgently demands
for new experimental work, in order to better validate the currently available design methods, espe-
cially when important factors like time and temperature are not taken into the due consideration.
Several industrial products - geotextiles and geogrids - made up with various polymers (polyester,
polypropylene, polyethylene) have been produced since the Seventies. However, laboratory model
studies on the behaviour of geosynthetics-reinforced walls have been relatively limited so far (e.g.
Juran and Christopher, 1989; Palmeira and Lanz, 1994; Helwany and Wu, 1995; Karpurapu and
Bathurst, 1995).
Small-scale 1g physical models represent a useful tool to study the behaviour of earth-reinforced
structures, where the interaction between soil and reinforcing elements plays a fundamental role.
However, they are limited by the fact that some important similarity requirements are not satisfied,
and, therefore, the results of these model studies cannot be directly used to design the actual rein-
forced structures. Their results can be of great benefit for the calibration of the relevant analytical
and numerical models.
A rather new experimental research was recently carried out at the University of Padova (Italy),
concerning the behaviour of walls reinforced with polypropylene geogrids; some experimental re-
sults – especially focused on time and temperature effects - were already published and discussed
elsewhere (Gottardi and Simonini, 1997; Gottardi and Simonini, in press.).
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In this research - besides a brief reminder of the physical model wall - the results of the experi-
mental study were used to check the capabilities and effectiveness of two well-known numerical
codes (such as PLAXIS and FLAC) to describe the response of such a rather complex system. The
effects of time and temperature have not been considered here, but a typical quick reference test
was used as comparison with the numerical outcome.

2 THE MODEL WALL

The physical model (1200 mm long, 400 mm wide and 600 mm high) intends to reproduce a plain
strain state within the reinforced soil mass. Figure 1 shows a general view of the small scale model,
where the main components - lateral walls, facing elements, reinforced soil and loading plate - can
be observed.
The retaining wall is made up of a set of rigid metallic strips, hinged each other and kept vertically
only by the interposition of the geogrid layers. The geogrid (1200 mm long and 400 mm wide) are
locked into the facing strips and spaced 70 mm. The walls is constructed from the bottom to the top
by anchoring the metallic strips to a provisional vertical track, which is removed after the wall con-
struction is completed. The sand layers are prepared by raining technique. All mechanisms for sand
deposition are fully automatic and allow for the achievement of homogeneous and highly repro-
ducible layers, the standard deviation of relative density equal to 85% of the layers being less than
1%.

Figure 1. Model wall lay-out.

The  reinforced retaining wall is loaded, through a rigid steel plate (200 mm x 400 mm) resting on
top of the sand surface, by an electrical stepper motor. The load or displacement path generation
and the data acquisition from all measurement devices are fully automatic via a personal computer
and an A/D interface. The selected position of the displacement transducers allows for the continu-
ous monitoring of the horizontal displacements of the wall and the vertical displacement and rota-
tion of the plate.
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The material used for soil layer preparation is a medium-fine quartz sand (Adige sand), with mean
particle size D50=0.42 mm; non-uniformity coefficient Cu=2.0; specific gravity Gs=2.71, minimum
and maximum dry unit weight 13.6 e 16.5 kN/m3. The angle of shear strength, measured from tri-
axial compression tests carried out with the same relative density, is in the range between 41° and
43° under confining stresses from 100 to 400 kPa. Some preliminary indications of the possible op-
erational stiffness modulus, to be used in such situation, can be found in Simonini (1996).
As reinforcing material, a suitably scaled polypropylene geogrid was used: its grid size is 12 mm x
14 mm and the mass per unit area is 63 g/m2. Results of elongation tests carried out with different
strain rate are reported in Figure 2.
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Figure 2. Results of elongation tests on the geogrids.

3 EXPERIMENTAL RESULTS

In this research the results of only one quick test are presented and used to calibrate the numerical
models. In this case the test procedure was much simplified: the reinforced system was monotoni-
cally loaded (with a constant loading rate equal to 5.10 kN/s) up to failure, with no constant load
phases, and unloading-reloading cycles of 5 KN. Failure was characterised by the collapse of the
reinforced wall due to the progressive breakage of the polymeric grids.
Figure 3 provides the results of the relationship between the applied load Q and the vertical dis-
placements of the plate w. Note that the initial plate stiffness is significantly affected by bedding
error.
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Figure 3. Load-displacement curve of the loading plate for a quick reference test on the model wall.

A similar kind of information, related to the wall movements, is provided in Figure 4, where the
measurements from all the horizontal transducers are plotted together, in order to provide the de-
formed configuration at various load levels. Dashed lines represent the position of the reinforce-
ments.
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Figure 4. Measured wall deformation at different load levels.



5

4 NUMERICAL ANALYSES

In order to reproduce such experimental results, two types of numerical analyses were carried out
with the two-dimensional version of two different and rather well-known commercial codes, i.e.
PLAXIS (1998) and FLAC (1998). The former is based on the finite element method, whereas the
latter on the finite difference method; both are widely used to solve boundary problems in geotech-
nical engineering.

4.1 Material parameters

In order to model the above mentioned, rather complex two-dimensional problem, the selection of
the most suitable material parameters for the various elements forming the reinforced wall was first
needed. However, some restrictions are due to the constitutive laws implemented in each code and
a consistent choice had to be made in order to obtain comparable results.
The behaviour of the dense sand was modelled - in both numerical analyses - by means of an
elasto-plastic constitutive law. More particularly, the granular material was assumed linear elastic
for stress states within the yield surface and perfectly plastic at failure, governed by the Mohr-
Coulomb criterion with a non-associated flow rule.
The behaviour of geogrids is linearly elastic. PLAXIS geosynthetic elements do not allow to take
into account any limit to their tensile strength. Such limit, in FLAC, was set to a realistic value
which – on the other end - was never reached in all the performed simulations. Elongation tests
with a strain rate of 0.15 mm/min (see Figure 2) provided the order of magnitude of the stiffness
value to be used in the numerical analyses. However it should be noted that tests on geogrids were
carried out under non-confined conditions, which is obviously not the case when inserted inside the
sand mass.
The metallic facing is again characterised by a Tresca-type strength criterion with elastic response
up to yielding. Stiffness and strength parameters are typical of steel.
Some parametric analyses – not reported here - had to be carried out in order to select the best es-
timate of the material parameters. A sensitivity check showed, as expected, a great influence of the
sand and the reinforcements equivalent stiffnesses, whereas the possible insertion of the interface
elements and the relevant parameters did not appear to be crucial. A summary of the material pa-
rameters eventually adopted in both codes is reported in the following Table 1.

Table 1. Material parameters.
SAND PROPERTIES
Dry unit weight 15.00 kN/m3 Cohesion 2.0 kN/m2

Young’s module 8 MPa Friction angle φ 41°
Poisson’s ratio ν 0.20 Dilation angle ψ 6°
GEOGRID PROPERTIES

Stiffness 55 kN/m Strength Limit
(FLAC) 5 kN/m

WALL FACING PROPERTIES
Stiffness 2.06 GPa Poisson’s ratio ν 0.30

Note that a small, non-influent cohesion was adopted in order to avoid local possible numerical in-
stabilities and excessive computational times.

4.2 PLAXIS analysis

Plaxis is a special purpose finite element computer program suitable for the analysis of deformation
problems in soil and rock.
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The 2D reinforced wall was schematised with the mesh of Figure 5, made up of 1079 six-node tri-
angular elements for the soil (a total of 2261 nodes), geogrid elements and hinged beams (no rota-
tion restraint) as wall facing on the right-hand side. No interfaces were inserted at the contact be-
tween such elements and the surrounding soil. The geogrid elements are fixed to the relevant beam
hinge, in order to  simulate the effect of an anchor to the facing elements. The loading plate is
composed of rigid beam elements with a fully rough interface (equal to the sand angle of shear
strength). Horizontal and vertical displacements are restrained at the base of the wall, whereas ver-
tical displacements are free at the left boundary of the mesh.

Figure 5. FEM mesh of the model wall.

The load application was reproduced via prescribed vertical displacements at the corresponding
nodes of the top plate. The final total displacement of 20 mm (equivalent to the physical model
failure) was given with 416 increments, each computational step run with a relative error tolerance
of 0.003.
The main outcome of the analyses, to be compared with the measured load-vertical displacement
curve of the top plate shown in Figure 3, is reported at the end of the paper, in Figure 13. Apart
from the final, fragile behaviour of the whole system, shown by the peak load in the experimental
curve and the formation of a clear mechanism inside the reinforced soil, which cannot be repro-
duced in such modellisation, there is a substantial good agreement between the experimental and
numerical trends, especially at higher load levels, where the effect of the plate bedding errors dis-
appears. The numerical model, on the contrary, tends to show an initial stiffer behaviour, probably
due to the influence of the small cohesion at lower stress levels.
Displacement vectors computed in correspondence of the highest load level, i.e. 41.33 kN, and 20
mm of vertical displacement, are plotted in Figure 6. Note the general trend of the deformation in-
side the reinforced soil mass and behind the wall and the localisation of the maximum displacement
vectors around the middle part of the wall. No displacement concentration along a well defined
sliding surface, as observed experimentally, is possible in such analysis, because of the assumption
of a linear elastic geosynthetic response, with no limitations to the tensile strength.
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Figure 6. Displacement vectors (PLAXIS analysis).

Figure 7 shows the distribution of the tensile forces in all the geosynthetic elements at the same fi-
nal situation. It can be observed that the maximum values are due to the third and fourth layer
(from the top), in correspondence of the maximum lateral movements of the wall (see below). The
maximum tensile force is equal to 2.30 kN/m. The general pattern corresponds to what observed in
the physical model, even if the slippage of the shallowest reinforcement layer is not reproduced.

Figure 7. Tensile forces on the geogrid reinforcements (PLAXIS).

It is finally interesting to observe the deformed shape of the wall at different load levels and com-
pare it with the experimental data of Figure 4. Figure 8 reports the lateral displacements of the wall
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each 10 kN. The response of the numerical model is slightly stiffer (maximum horizontal dis-
placement of 11.7 mm), especially in correspondence of the shallowest reinforcing element, which
does not slip.
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Figure 8. Wall deformation at various load levels (PLAXIS).

4.3 FLAC analysis

FLAC (Fast Lagrangian Analysis of Continua) is a two-dimensional code that uses an explicit, time
marching method to solve the governing equations in which every derivative is replaced by an al-
gebraic expression written in terms of the field variables (e.g. stress or displacement) at discrete
points in the space. The solid body is generally divided by the user into a finite difference mesh
composed of quadrilateral elements.
Our problem was discretized into a mesh of 1230 zones (41x30) elements representing the soil be-
hind the wall (Figure 9). They were sized smaller and more uniform below the loading plate (2cm x
1.75cm), with respect to the farther zone, not involved by the predominant stress increment.
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Figure 9. FDM mesh of the model wall.

Rollers were placed along the vertical boundary at the left-hand side of the model, preventing the
horizontal displacements only, while nodes at the bottom of the mesh were fixed in both directions.
The ground surface was initially free.
As already reported in Table 1, the well-known elastic-perfectly plastic model based on the Mohr
Coulomb failure criterion was adopted to represent the soil behaviour.
Linear-elastic beam elements were used to model the wall, while the geogrids were modeled using
one-dimensional axial structural elements that can yield in tension (or compression) but cannot
sustain any bending moment (cable elements). Beam and cable properties were shown in Table 1.
Again no interface elements were inserted at the contact between the facing and the soil behind the
wall. The geogrid elements, also in this case, were fixed to the relevant beam hinge.
Another single beam element, with high Young modulus, was introduced to model the rigid loading
plate resting on top of the soil surface; in this case interface elements were also used to simulate the
frictional interaction between soil and plate. The number of grid elements below the footing was
10.
The numerical analysis was performed by first compacting the soil mass under gravity to establish
the initial stress state and then by loading the whole system via the top plate. Load was applied as a
fixed downward velocity to the structural nodes of the beam. The displacement of the footing was
then automatically calculated by the code as the integral of the velocity over the calculation steps.
Finally, the load was computed by considering the vertical component of the stresses in the grid
zones directly below the loaded area.
The developed load appears to be strongly dependent on the loading velocity and seems to ap-
proach the "true” load as the velocity reduces (Frydman and Burd, 1997); in addition, persistent
fluctuations in the load are observed when the velocity is relatively high. So a quite low velocity
was applied (10-8 m/step) in order to minimize these errors and numerical instabilities. The simula-
tion was performed until a footing displacement of approximately 20 mm.
Using our best estimate of material properties, the numerical results are again in good agreement
with the experimental data and with the other numerical analysis as well (see figure 13).
The same plots of the previous section, in relation to the final situation of a vertical displacement of
20 mm, which now corresponds to an applied load of 40.5 kN, are reported below.
Figure 10 shows the displacement vectors within the soil mass and, particularly, of the beam ele-
ments composing the wall facing. Figure 11 reports the tensile forces in the geogrids: it can be eas-
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ily seen how the general trend of Figure 7 is confirmed, even with some detail. Figure 12 shows the
comparison between the measured horizontal movements of the wall and the FLAC outcome: again
the response of the numerical model is stiffer (maximum horizontal displacement of 9.6 mm), es-
pecially in the top part and the shallowest reinforcing element.

Figure 10. Displacement vectors (FLAC analysis).

Figure 11. Tensile forces on the geogrid reinforcements (FLAC).
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Figure 12. Wall deformation at various load levels (FLAC).

5 CONCLUSIONS

Starting from a reliable and extensive experimental database of a model wall reinforced with poly-
propylene geogrids, the present research aimed at testing the capabilities and comparing the results
of two widely used numerical codes. The goal was to reproduce the behaviour of the reinforced soil
mass, monotonically loaded up to a stress level corresponding to the failure onset in the physical
model.
The reinforced system is rather complex, composed of very dense sand, heavily confined geogrids
and stiff facing elements, hinged each other in order not to provide any bending stiffness. Several
aspects and tools of the codes could thus be taken into consideration. The crucial selection of the
operational material parameters was made within the actual range provided by suitably performed
tests and after a preliminary parametric study, which showed the great importance of the sand and
the geogrids stiffness, in this order.
The comparison of results is well summarised in Figures 13 and 14, which show, respectively, the
load-vertical displacement curve of the loading plate and the wall deformation at the maximum
load level and at half-way to it.
The experimental curve is affected by the initial bedding error and, once reached the peak load, de-
velops a fragile failure with a clear mechanism involving the breakage of the reinforcements. On
the contrary, the initial part of the numerical curves appears even more rigid, probably because of
the effects of the small cohesion, which was introduced to reduce numerical instabilities. Except for
these specific aspects, both numerical codes, which used identical constitutive laws and parameters
for all the materials, show a remarkable good agreement.
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As regards the wall deformation, neither numerical code can reproduce the top reinforcement layer
slippage, which in fact is a clear feature of the physical model. Therefore the numerical walls end
up to be more restrained and thus move less than the real wall.
The final aim of such investigation is reproducing the whole set of experimental data, taking into
the due account also time and temperature effects, so to enable a better understanding and extend
their validity.

0 5 10 15 20 25 30
    L o a d in g  p la te  ve rt ica l d isp la ce m e n t

     (m m )

0

10

20

30

40

50

A
p

p
lie

d
 lo

a
d

 (
kN

)

E xperim enta l D ata

P LA X IS  R esu lts

FLA C  R esu lts

Figure 13. Load-vertical displacement curves: comparison between experimental and numerical data.
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Figure 14. Wall deformation: comparison between experimental and numerical data.
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