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Deformation and stiffness measurements in reinforced soil
Déformations et rigidité mesurés dans un sol armé

B.Stanià — Civil Engineering Institute, Zagreb, Croatia 
M.S.Kovaievié — Faculty of Civil Engineering, University ot Zagreb, Croatia 

V.szavits-Nossan — Faculty of Geotechnical Engineering, University of Zagreb, Varazdin, Croatia

ABSTRACT: Measurements of horizontal displacements of a reinforced soil structure were taken by using a sliding deformeter fixed 
to the reinforcement wire mesh at two levels behind the retaining wall. These measurements were taken at different stages during the 
wall and embankment construction. The stiffness o f compacted crushed stone layers behind the wall was assessed by SASW meas
urements. A numerical back-analysis was performed in order to match measured horizontal displacements by successively reducing 
the value of maximum shear modulus determined by the SASW method. The reinforced soil structure is described and results of 
SASW and sliding deformeter measurements are presented, as well as results of the numerical analysis.

RÉSUMÉ: Les déformations horizontales ont été mesurées dans le sol armé avec un déformètre glissant fixé à l’armature à deux 
niveaux derrière le mur de soutènement. Ces mesures ont été faites tout au long de la construction du mur et du remblai. La rigidité 
des couches compactées de pierre écrasée derrière le mur a été déterminée par l’analyse spectrale des ondes de surface (SASW). Une 
analyse numérique a été effectuée après la construction du mur, dans laquelle la valeur maximale du module de cisaillement, détermi
née par SASW, a été successivement diminuée jusqu'au moment où les déformations calculées étaient suffisamment proches aux 
valeurs mesurées. Le mur avec le sol armé est décrit, et les mesures par déformètre et par SASW sont présentés, ainsi que les calculs.

1 INTRODUCTION

Reinforced soil was used to stabilize the slopes at the construc
tion site of the Zagreb - Rijeka motorway in Croatia. The slope is 
50 m long and its maximum height is 13 m. The height of the 
retaining wall of reinforced soil is 8 m. It was designed at the 
Civil Engineering Institute of Croatia.

The quality control of the wall material was carried out dur
ing the construction. The velocity of shear waves was measured 
by the Spectral Analysis of Surface Waves (SASW) in order to 
assess the stiffness of the compacted fill. Horizontal deforma
tions of the reinforcement were measured at two levels in the 
reinforced soil in order to assess deformation characteristics of 
the reinforced soil structure. The Faculty of Civil Engineering of 
the University of Zagreb carried out all these measurements.

The shear modulus of the wall fill was determined from 
SASW measurements. This value corresponds to very small 
shear strains. The measured horizontal deformations were in the 
range of large strains. It is well known that the shear modulus 
will undergo a substantial reduction, up to one order of magni
tude, when shear strains increase from very small to large ones 
(e.g. Jardine et al. 1984). Furthermore the shear strain - shear 
stress relationship is highly nonlinear in the range of small 
strains. A simple numerical analysis was carried out with the in
tent to match measured horizontal deformations using a reduced 
value of the initial shear modulus determined from SASW meas
urements.

2 WALL OF REINFORCED SOIL

Figure 1 shows the main features o f the wall of reinforced soil. 
The foundation soil consisted of a surface layer of clay 3 to 4 m 
thick, underlain by dolomite bedrock. Since the clay layer was 
not acceptable as the foundation soil for the wall, it was replaced 
by crushed stones.

The Terramesh system, developed by Maccaferri SpA in It
aly, was used to reinforce the fill behind the wall and also for the 
gabions. It is a reinforced soil system for retaining walls that

uses wire meshes as reinforcement (Rimoldi & Jaecklin 1996). 
This reinforcement consists of double twist hexagonal mesh type 
8x 10 with zinc coated and PVC coated wire 2.7 mm in diameter.

The strength and stiffness of the wire mesh were assessed on 
the basis of extensive model testing of meshes and their pulling 
out of sand (Lo 1990). It was determined that the pull-out force 
is close in value to the force which would be computed for an 
anchor in the form of sheet, with the friction angle determined 
from the direct shear test, provided the sand contained in the 
hexagonal spaces of the mesh is compacted.

The model tests have shown that the maximum force for 
pulling a l m x l m  mesh from sand is about 47 kN, provided 
the sand exerts pressures in excess of 35 kPa on the mesh. Fail
ure occurs at elongation of 20 to 50 mm for a 1 m long mesh. 
When the pull-out force in compacted sand increases from 30 to 
40 kN, which results in mesh elongation from 10 to 20 mm, the

Figure 1. Characteristic cross-section o f the reinforced soil wall.
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mesh stiffness is approximately equal to 1000 kN/m. The mesh 
stiffness is approximately equal to 2000 kN/m for elongation 
smaller than 10 mm.

The retaining wall was constructed in 9 layers (Figure 1). The 
wire mesh was placed on top of each layer after compacting the 
fill material behind the wall. Crushed stones, with the maximum 
grain size of 100 mm, were used as the fill material and also to 
fill 1 m wide and 1 m high gabions. The mesh length was 6 m in 
the lower part of the wall, and 5 m in the upper part.

The motorway embankment was constructed at the same time 
as the retaining wall, out of the compacted material from the 
neighboring cuts. Compacted crushed stones were also used for 
the portion of the embankment next to the reinforced soil. This 
portion is 6 m wide and up to 5 m above the reinforced soil (Fig
ure 1)

The locations of two sliding deformeters (denoted by letters 
A and B) for measuring the reinforcement deformations are also 
shown in Figure 1.

3 MEASUREMENTS BY THE SASW METHOD

Measurements using the method of Spectral Analysis Surface 
Waves were carried out at 5 locations along the slope after con
structing each of the 9 wall layers and compacting the fill mate
rial behind the wall. Thus, a total of 45 measurements were 
made. These measurements were intended to control the quality 
of the fill material and to assess the value of shear modulus G0.

The SASW method provides detailed profiles of shear wave 
velocities in horizontally layered strata (e.g. Nazarian & Stokoe 
1983, Stokoe et al. 1994). It is a nondestructive method used en
tirely from the ground surface. A vertical impact at the surface 
generates transient Rayleigh waves that propagate at different 
velocities in layered strata. Vibration transducers are located at 
known distances on the surface of the ground. The dependency 
of surface wave velocity on wave frequency, known as the dis
persion curve, is computed by performing the spectral analysis 
of recorded signals at known distances. A theoretical dispersion 
curve, which matches the measured curve, is sought by an itera
tive trial and error algorithm by adjusting the layer thickness and 
its shear wave velocity. The density and the Poisson ratio of the 
soil layer have to be assumed in this algorithm.

The advantage of this method over other nondestructive geo
physical methods is that it is possible to detect layers, through 
which waves propagate with a small velocity, under layers with 
greater propagation velocities.

The required test equipment consists of a surface impact gen
erator (falling weight), vibration sensors (geophones), an analog- 
to-digital converter and a computer with adequate software. The 
testing procedure and equipment used for this project, which has 
to satisfy certain requirements to obtain reliable results, are desc-

Figure 2. Application of SASW method.

Table 1. Velocities o f shear waves measured after construction o f  each 
reinforced soil layer.

Layer 1 2 3

vs (m/s) 
4 5 6 7 8 9

9 - . - - . - - 133

8 - - - - - - 125 126

7 - - - - - 125 126 126

6 - - - - 128 129 129 130

5 - - - 130 131 131 132 132
4 - - 126 127 127 127 128 128
3 - 126 127 127 128 128 128 129
2 147 148 149 149 150 150 150 151

1 135 136 136 137 138 138 138 139 139

ribed by Szavits-Nossan et al. (1998). Figure 2 shows a phase of 
SASW method application.

Measured shear wave velocities vs are presented in Table 1. 
The shear modulus G0 is proportional to the square of the corre
sponding shear wave velocity, i.e. G0 = p  vs2, where p  is the soil 
density.

Each of the 9 layers in Table 1 is 1 m thick. After the con
struction of each layer, measurements were taken for all under
lying layers, including the one just constructed. It can be seen 
that the stiffness of lower layers was slightly increasing as the 
construction proceeded. The measured values, however, confirm 
the uniform quality of constructed layers.

4 MEASUREMENTS BY THE SLIDING DEFORMETER

The deformations of the reinforcement were monitored in order 
to assess the behavior o f reinforcement used in a reinforced soil 
wall. Horizontal deformations of the reinforcement mesh were 
measured by the sliding deformeter acquired from “Solexperts”, 
Zurich, Switzerland (Kovari & Amstad 1982). The length of the 
sliding deformeter is somewhat longer than 1 m. It measures 
with great precision the distance between consecutive bench
marks, which are placed at intervals of 1 m at the end of special 
plastic pipes. These pipes are about 1 m long and have an inside 
diameter o f 27 mm, and outer diameter of 32 mm. They will ex
tend at the same time as the reinforced soil due to telescopic 
joints, which contain benchmarks. The joints have a diameter of 
40 mm.

During the wall construction two 14 m long connected pipe 
segments were placed in the fill behind the wall. The first pipe, 
14 m long in total, was placed on top of the second layer, and the 
second on top of the fifth layer, as illustrated in Figure 1. The 
pipes were placed and fixed on top of the reinforcement mesh, 
along its length, starting at the slope front (Figure 3).

Figure 3. Placing and fixing plastic pipes on the reinforcement mesh.
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5 NUMERICAL BACK-ANALYSIS
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Figure 4. Deformeter sliding and measuring positions.

Limit equilibrium analysis is usually carried out to check the 
stability of a construction such as the one described here. The 
determination of its deformations, however, is not straight for
ward. The main difficulty in predicting the deformations of rein
forced soil constructed of crushed stones arises from the un
known deformation characteristics of such a material. The only 
parameter that could easily be determined was the shear modulus 
G0 from SASW measurements. This parameter is, then again, 
relevant only in the range of very small shear strains, up to 
0,001%, where the soil behaves as an elastic material (e.g. Ta- 
tsuoka & Kohata 1995). The significantly nonlinear behavior of 
soils is observed in the range of small shear strains, up to 0,1% 
(e.g. Atkinson & Sallfors, 1991). Shear strains greater than 0,1% 
are considered large. The reduction in shear modulus from its 
maximum value G0 to the corresponding value at large strains 
may be tenfold.

With measured deformations of the reinforced soil all through 
the construction of the retaining wall and the embankment, a 
simple numerical back-analysis was intended to compare com
puted deformations with the measured ones. Starting from the 
maximum value G0, the shear modulus was successively reduced 
in order to get the best match between computed and measured 
deformations.

The numerical analysis was performed with the use of pro
gram SIGMA/W Version 4 (1997). The finite element mesh used 
in the analysis is shown in Figure 6, and the soil parameters in 
Table 2. The initial Young modulus was determined directly 
from G0. An average value of G0 from Table 1 was assumed in 
the analysis. The Poisson ratio vwas assumed 0,25 for all mate
rials. The values of shear strength parameters c' and <p\ as well 
as weight density y were determined in previous investigations 
for design purposes.

Table 2. Material parameters for the FEM analysis. Materials M l, M2, 
M5 and M7 are all crushed stones.

Figure 5. Use o f  sliding deformeter for measuring deformations.

The deformeter, having a diameter of 24 mm, slides in the pipe 
until it reaches the first pair of telescopic joints. The deformeter 
is free to slide along the pipe only in the sliding position (Fig
ure 4). When the deformeter is rotated by 45°, it assumes the 
measuring position, which is also illustrated in Figure 4. Pulling 
the deformeter activates the measuring sensor, and the distance 
between benchmarks is recorded. The deformeter is then rotated 
by 45° back to the sliding position, and it slides to the following 
pair o f joints. This procedure is repeated until distances between 
all consecutive benchmarks are recorded. It is desirable to repeat 
the readings a few times in order to avoid errors. Figure 5 shows 
the use of the sliding deformeter for measuring deformations.

The accuracy of in situ distance measurements is about 
±0.03 mm/m within the range of ±22.5 mm/m. The first set of 
readings serves as a reference for all subsequent readings in dif
ferent construction stages. It is, thus, possible to determine the 
pipe deformations, which are also the deformations of the rein
forced soil, all along the construction of the retaining wall.

The deformation measurements were carried out during the 9 
stages of the wall construction. The selected total length of pipe 
(14 m) proved to be adequate, because the measured deforma
tions were negligible at a distance of 10 m from the slope front.

The maximum measured total displacement of the bottom de
formeter was 18.93 mm, with the maximum horizontal strain of 
0.46 % between two benchmarks measured at the depth of 5 m. 
The maximum measured total displacement of the upper defor
meter was 13.96 mm, with the maximum horizontal strain of 
0.37 % between two benchmarks measured at the depth of 4 m.

Soil type Eo
(MPa)

V

(-)
Y
(kN/m3)

c'
(kPa)

<P'
(°)

M l Reinforced soil 88 0.25 19 0 40

M2 Crushed stone fill 88 0.25 19 0 40

M3 Embankment fill 29 0.25 20 10 20
M4 Clay layer 22 0.25 20 10 20
M5 Replacement material 88 0.25 19 0 40

M6 Dolomite bedrock 1000 0.25 26 - -

M7 Gabions 88 0.25 19 - -

A linearly elastic - ideally plastic model with the Mohr- 
Coulomb strength criterion was used for the constitutive rela
tionships of materials M l to M5. Materials Ml (reinforced soil), 
M2 (portion of the embankment behind reinforced soil), and M5 
(replacement material underlying reinforced soil) are all crushed 
stones and have the same parameters. A linearly elastic model 
was assumed for materials M6 (dolomite bedrock) and M7 (ga
bions). Even though the gabions are filled with crushed stones, 
their strength is governed by the strength of the wrapping wire 
mesh.

The reinforcement was modeled with elastic beam elements, 
which only have the longitudinal stiffness, and no bending re
sistance. As discussed in Section 2, the stiffness of the wire mesh 
was taken as 2000 kN/m.

The numerical analysis was carried out in 13 steps in order to 
simulate different construction phases. The values of the Young 
modulus were successively reduced until a satisfactory match 
was obtained between computed and measured horizontal de
formations. This reduction was done proportionally for all mate
rials except for linearly elastic materials (dolomite bedrock and 
gabions).

M 4* * .
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The comparison between computed and measured displacements 
is presented in Figure 7 for deformeter measurements on top of 
the second reinforced soil layer (position A in Figure 1) and in 
Figure 8 for the measurements on top of the fifth layer (position 
B in Figure 1). The match is better in Figure 7 than in Figure 8, 
both in computed values and the curve shape. Computed dis
placements presented in these two Figures were obtained with a 
reduction factor o f 0.42 applied to the initial values of the Young 
modulus.

Another analysis was carried out with the stiffness of 
1000 kN/m for comparison purposes. A reduction factor of 0.50 
was required for a similar match between computed and meas
ured displacements as in Figures 7 and 8.

Figure 6. Finite element mesh used in the numerical back-analysis. 
(Material properties are shown in Table 2)

length (m)
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Figure 7. Computed and measured displacements on top o f second layer 
(position A in Figure 1).
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Figure 8 . Computed and measured displacements on top o f  fifth layer 
(position B in Figure 1).

6 CONCLUSION

The performed measurements of reinforced soil horizontal dis
placements by the sliding deformeter and shear wave velocities 
by the SASW method enable to assess the deformation and stiff
ness characteristics of a reinforced soil fill behind a retaining 
wall during its construction. It was, thus, determined that the 
maximum horizontal strain of the reinforcement mesh was 
0,46 %, which represents 23 % of the mesh failure elongation 
from pull-out tests. The mobilized force in the reinforcement is 
about 20 % of the failure force when the reinforcement stiffness 
is assumed to equal 2000 KN/m.

The Spectral Analysis of Surface Waves is an efficient and 
simple method for assessing the quality o f compacted fill behind 
the wall as it is constructed in stages. The maximum shear 
modulus of the fill can directly be determined from measured 
velocities of shear waves without disrupting the construction 
works.

Since the measured maximum shear modulus corresponds to 
very small shear strains, whereas the maximum measured hori
zontal strain is in the domain of large strains, it was necessary to 
reduce the value of measured shear modulus in order to match 
measured horizontal displacements in the numerical back- 
analysis. The best match with measured data was obtained with a 
reduction factor of 0.42.

Further data will be available from three similar construction 
sites in Croatia, where slopes are also being stabilized by rein
forced soil of different heights. Measurements described in this 
paper are carried out on these sites as well. Experiences gained 
from these projects will help to improve the understanding of de
formation and stiffness characteristics of reinforced soil, which 
will, in turn, allow more economic and efficient design of such 
structures.
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