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Centrifugal model tests of uniform surcharge loading on L-shaped retaining walls 
Effets d'une charge sur des modeles de murs de soutenement en forme L dans la centrifugeuse
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ABSTRACT: This paper describes the results of an experimental investigation using centrifugal modelling to study the behaviour of 
L-shaped or cantilever wall supporting dense Leighton Buzzard sand backfill. The effects of a uniform surcharge on propped and un
propped wall at the top have been investigated. The wall was instrumented to measure the normal and shear stresses on the stem and 
on the base. A comparison of the experimental results with the predictions of the limiting equilibrium theories shows that the lateral 
stresses are grossly under-predicted. The assumption of linear stress distribution commonly assumed is not realistic.

RESUME: Cet article presente les résultats d'essais experimentaux sur un mur de soutenement en forme L dans la centrifugeuse. Le 
mur retient un remblai de sable de Leighton Buzzard. Les effets d'une charge uniforme sur le comportement du mur avec ou sans etai 
rigide a la crete ont ete étudiés. Les pressions normales et celles de cisaillement agissant sur la paroi du mur et sur la base ont ete en
registrées. La comparison des résultats d'essais avec ceux obtenu de la theorie de l'equilibre limite montre que les valeurs predites 
sont grandement sous-estimees. L'hypothese que la distribution des pressions terrestres laterale est triangulaire n'est pas realiste.

1 INTRODUCTION

A series of L-shaped retaining walls model tests has been 
conducted at an acceleration of 60g in the geotechnical centri
fuge at the University of Manchester Institute of Science and 
Technology (UMIST). Centrifugal modelling was used to 
create vertical stresses in the model which correspond to 
those at full scale and, thereby, to permit the soil in the model 
to display its correct (stress level dependent) deformation be
haviour. Two model L-shaped walls were constructed. They 
were designed to represent upper and lower bounds to a prac
tical range of stiffnesses i.e. flexible and very stiff structures. 
The walls were subjected to different load conditions. The re
sults of the behaviour of the "stiff wall" subjected to the ap
plication of a blanket surcharge on the top surface of the 
backfill will be presented in this paper.

2 CENTRIFUGAL MODEL TESTS

The configuration of the centrifugal model wall and container 
are shown in details in Figure 1. The L-shaped wall was 
650mm long, 150 mm high with a base 90 mm wide. The 
model represented a wall of 9 m high at full scale (N=60). It 
was fabricated from 22 mm thick mild steel plate and instru
mented near the centre line with Cambridge contact stress 
transducers (Stroud 1971) to measure both normal and shear 
stresses on the wall stem (4 transducers) and on the base top 
and bottom (4 transducers).

The model wall was placed inside a container on a care
fully leveled foundation layer of uniformly graded dry 
Leighton Buzzard sand. This soil was chosen because of the 
extensive data base on its stress-strain behaviour collected by 
researchers at Cambridge university (Stroud 1971). When 
placed in the model, by pluviation in air, the sand had a den
sity of 1700 kg/m3, a void ratio of 0.56, an angle of friction of 
46.5° and a relative density of 77%. After the wall had been 
installed, it was temporarily propped at the top and backfilled 
with Leighton Buzzard sand. After the model had been care
fully positioned in the centrifuge, the prop was released if the 
wall was to be tested under unpropped conditions. Other 
components of the model were then assembled, including

Figure 1. Transverse section o f  the centrifugal model.

transducers (LVDTs) to measure the vertical and horizontal 
displacements of the wall as indicated in Figure 1. As the ro
tor of the UMIST centrifuge was not equipped with a swing
ing arm, the free surfaces of the sand in front of and behind 
the wall had to be temporarily supported in a vertical plane 
with air filled rubber bags. After some centrifugal accelera
tion (5g) had been applied, the modest air pressures (20 
kN/m ) were released. The model was then accelerated to 
60g, where it was kept constant for the remainder of the test.

In the tests presently being reported the rubber bag behind 
the wall was used to apply a surcharge loading on the surface 
of the backfill. The surcharge pressure was applied over a sur
face area stretching the whole length of the wall and extend
ing to a distance of 2H (Where H = 150 mm = height of re
tained soil) from the back of the wall. The surcharge was 
applied in increments up to a maximum value of 250 kN/m2 
and then released. One additional cycle was applied. The 
model wall was tested under propped and unpropped condi
tions at the top. The propping system was designed to provide 
a restraint along the top of the wall whilst simultaneously 
measuring the magnitude of the prop force through strain- 
gauged shear webs.
Full details of the experimental apparatus and procedures, in-
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Figure 2. Lateral and shear stress distribution with depth (unpropped 

wall).

eluding calibration procedures for the instrumentation, are 
given by Djerbib (1986) and Hird & Djerbib (1993).

3 TEST RESULTS

3.1 Stress distribution down the wall stem

When the surcharge load (q) is applied the net increase of 
both shear and normal stress is more or less uniform with 
depth for the unpropped wall (Fig. 2). The shear stresses in
crease in the downward direction and their magnitude is be
tween 17 and 24% of the lateral pressure. Contrary to what 
has been suggested by Terzaghi (1943) and Wind (1976), 
frictional forces, although very small, do develop at the wall 
interface. As vertical settlement of the backfill occurs, its 
weight becomes partially supported by the friction. This leads 
to the formation of soil arches in the horizontal direction 
which affect the lateral pressure distribution (Handy 1985).

In the case of the propped wall, Figure 3, the distribution 
of both lateral and shear stress is altered. The increase in lat
eral stress is not uniformly distributed under the action of the 
surcharge. As the surcharge is applied significantly higher 
lateral stresses appear to develop near the backfill surface, at 
the level of the prop. Terzaghi (1943), Bros (1972) found that 
lateral confinement, arising from a prop or bracing, increased 
the lateral pressure at the level of the support and relieved it 
on the lower part of the wall. An alternative explanation for 
the increase in stress recorded by the top load cell could be 
that, in view of its proximity to the top surface of the backfill, 
its response was affected by the loading system which de
stroyed the effect of soil arching around the cell, thus giving 
higher lateral pressures. Typical variations of the lateral pres
sure and shear stress with the applied surcharge (q) are shown 
in Figure 4 for the propped wall.

In both tests (propped and unpropped) the lateral pressure 
and the shear stresses increase with the applied surcharge 
during the first application of the surcharge. The presence of 
the prop causes a development of slightly larger lateral and 
shear stresses behind the model wall. When the uniform sur
charge is removed, some residual lateral stresses are seen. A 
larger release of stress is experienced behind the propped 
wall. As the load is released, a drop in the magnitude of the 
shear stress also takes place, followed by a reversal of direc
tion when the load is completely removed. This reversal of di
rection suggests that an expansion of the backfill takes place

Change of stress (kN/m2)
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Figure 3. Lateral and shear stress distribution with depth (propped 

wall)

Figure 4. Relation betwen the applied surcharge and (a) lateral pres

sure and (b) shear stress at depth 0.0905 m  (propped wall)..

in the vertical direction. Residual shear stresses therefore ex
ist down the wall stem.

When the load is increased for the second time no signifi
cant changes occur in the lateral pressure. In the case of the 
shear stresses, further loading/unloading generates an almost 
reversible response but with significant hysterisis

3.2 Stress distribution on the wall base

The increase in the vertical stress along the base caused by 
the application of the uniform surcharge is shown in Figure 5. 
The increase in vertical stress underneath the base is much 
higher near the toe and is very small indeed near the heel or 
the unpropped wall (Fig. 5a). This is mainly caused by the 

rotation of the wall about a point near the base, which could 
also explain the relatively high vertical stress increases on top 
of the base towards the heel. This point would be rising 
against the overlying soil. The presence of the prop (Fig. 5b) 
causes a redistribution of the vertical stress.

Upon removal of the uniform surcharge, residual stresses

1138



300

Figure 5. Vertical stress distribution on the base: (a) Unpropped wall, 

(b) propped wall.

Surcharge : kN/m2 

Figure 6. Variation o f  the prop force with the surcharge.

are generated both on top and underneath the base. After the 
first cycle the loading/unloading behaviour is approximately 
reversible with some hysterisis on top of the base.

3.3 Variation of the prop force

Figure 6 shows the variation of the prop force with the aver
age applied surcharge. The magnitude of the prop force in
creases during surcharge application. When the load is re
moved, a large release of the prop force takes place leaving 
only a small residual force. When further loading and un
loading cycles are applied the changes in the prop force again 
appear reversible.

3.4 Wall movements

For the stiff wall the bending deflections are negligible and 
the measured horizontal and vertical displacements (Fig. 1) 
correspond to the rigid body movements. The position of the 
instantaneous centre of rotation and the magnitude of the an
gle of rotation have been determined using simple rules of 
vector displacement geometry, see Djerbib (1986) for more 
details. The measured displacements of the wall are presented 
in Table 1 and 2 respectively.

The presence of the prop causes a large reduction in the 
horizontal wall movement, about 80%, but only a small re
duction in the vertical direction, about 20%. The bulk of the 
movements occur during the increase of acceleration due to 
the increase in self weight of the soil mass. Only relatively

Table 1. Unpropped wall displacements.

Test q 5 hi 5 hb i , e S h, /H
condition kN/mz mm mm mm deg

Accel.

60g 0 -1.23 0.32 -0.63 -0.53 -0.008

1st cycle 100 -1.56 0.27 -0.70 -0.58 -0.010

150 -1.60 0.14 -0.74 -0.59 -0.011

249 -2.09 -0.15 -0.83 -0.64 -0.014

151 -2.05 -0.07 -0.79 -0.66 -0.014

51 -2.03 0.07 -0.76 -0.71 -0.014

0 -2.08 0.17 -0.75 -0.74 -0.014

2nd cycle 103 -2.10 0.10 -0.75 -0.72 -0.014

201 -2.05 -0.10 -0.79 -0.65 -0.014

101 -2.10 -0.04 -0.75 -0.67 -0.014

0 -2.10 0.14 -0.71 -0.74 -0.014

q is the surchrge; 5 bt is the horizontal m ovem ent o f  the top o f  the 

wall and S m> o f  the bottom  (-ve away from soil mass); 5 v is the 

movem ent o f the wall in the vertical direction (-ve downwards); 0 is 

the angle o f  rotation.

Table 2. Propped wall displacements.

Test Con q 5 h> 5 hb i , e SJW
dition kN/m2 mm mm mm deg

Accel. 60g

0 -0.20 0.19 -0.53 -0.13 -0.001

1 st cycle 100 -0.30 0.16 -0.55 -0.15 -0.002

149 -0.37 0.11 -0.58 -0.16 -0.003

242 -0.46 0.04 -0.71 -0017 -0.003

152 -0.46 0.07 -0.66 -0.17 -0.003

52 -0.48 0.16 -0.60 -0.21 -0.003

0 -0.47 0.20 -0.59 -0.22 -0.003

2nd cycle 103 -0.48 0.16 -0.61 -0.21 -0.003

242 -0.47 0.07 -0.73 -0.18 -0.003

101 -0.48 0.12 -0.63 -0.20 -0.003

0 -0.50 0.18 -0.61 -0.22 -0.003

small movements take place with surcharge loading, except in 
the horizontal direction for the unpropped wall. When the 
surcharge load is released both walls stay almost exactly in 
their newly deflected position. Upon further loading, no fur
ther displacements of the wall take place.

The positions of the instantaneous centre of rotations for 
the unpropped wall indicate that rotational movements are 
generally dominant throughout the test. In the case of the 
propped wall the position of the centre of rotation indicates 
that the vertical movements of the wall were dominant at all 
stages of the test. The horizontal movements of the top of the 
wall are much larger than expected and, although greatly re
duced when compared to the unpropped case, they are still 
larger than the usual value (0.001 H = 0.15 mm) above which 
an active state of stress is assumed to develop in the soil 
mass.

In all previous investigations, either pure rotation or 
translation of the wall was considered, but in the present tests 
both rotation and translation occur simultaneously. The centre 
of rotation is usually fixed either at the toe or at the top of the 
wall, in reality rotation usually takes place about an axis 
within the height of the wall as indicated by the positive dis
placement of the bottom of the wall towards the soil mass 
(see Table 1 and 2). This generates a combination of active 
and passive state of stress within the soil mass. In addition 
most of the model walls tested previously consisted only of a 
vertical plate which is an over-simplification of the actual ge
ometry of the wall.

4 THEORETICAL ANALYSIS OF THE STRESSES

Direct comparisons of lateral pressures with theoretical active 
and at-rest values given by Coulomb are presented in Figure 
7. During the tests the measured angle of wall friction varied 
between 16° and 20° and the latter value will be used in Cou
lomb's calculations. For most engineering purposes Jaky's ex-

Distance
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Figure 7. Theoretical versus measured lateral pressures.

pression. K o = l -sin $ í / - 0 . 2 7 5 ,  for the at-rest coefficient of 
earth pressure could be used. During a Ko-consolidation test 
in the simple shear apparatus, Stroud (1971) established a re
lation between Ko and the initial void ratio for Leighton Buz
zard sand. For a void ratio of 0 . 5 6  (used in the present inves
tigation), interpolation gives K o = 0 . 4 5 .

For both the propped and the unpropped wall the assump
tion of active stresses using Coulomb's theory leads to an un
derestimation of the lateral pressures. The measured dis
placements at the top of the wall (Table 1 and 2) are larger 
than the limiting value (0.15 mm) for an active state of stress 
to develop. But Wind (1976) also found, that in centrifuge 
tests, the displacements required to achieve the fully active 
state were bigger than those obtained in Terzaghi's tests. This 
difference in behaviour may be attributed to the different 
stress path achieved in both tests.

The use of at rest coefficient Ko=0.275 gives better agree
ment with the measured data in the upper part of the un
propped wall (Fig. 7b), but in the lower part the lateral pres
sures were larger than the calculated values. The use of 
Stroud's Ko value gives stresses much larger than those ob
served in the tests. In the case of the propped wall large dis
crepancies are shown between the measured lateral pressures 
and theoretical values calculated with any of the above coeffi
cients. The only reasonable agreement is obtained under the 
action of the self weight of the soil alone (end of acceleration) 
by using Stroud's Ko. The lack of agreement between theo
retical and measured earth pressures evident in Figure 7 may 
be attributed to a non-triangular pressure distribution. In these 
theories neither the actual movements of the wall nor the 
stress-strain behaviour of the soil are represented.

In making the above comparisons it has to be remembered 
that the geometry of the wall influences the magnitude and 
the distribution of the lateral pressure. For example the pres
ence of the base can affect the stress distribution on the lower 
part of the wall stem as a result of arching of the sand be
tween the stem and the base.

movements. When the wall has been restrained in the hori
zontal direction by the application of a prop at its top, the 
reduction in wall movements has been associated with a 
change in the shape and the magnitude of the lateral, shear 
and vertical stresses. The presence of the prop has in
creased the lateral and shear stresses on the upper part of 
the wall stem and caused a more uniform distribution of 
the vertical and shear stresses on the base.

-  A comparison of the measured data with classical earth 
pressure theory of Coulomb, showed, that there is a sub
stantial lack of agreement. In the unpropped wall, the as
sumption of active stresses leads to an under-estimation of 
the lateral pressures even though the measured wall 
movements were larger than the limiting value generally 
accepted in practice. Behind the propped wall neither the 
active nor the at-rest conditions represent exactly the lat
eral pressure distribution. The present investigation has 
shown that the scepticism concerning the adequacy of the 
classical theories in the design of earth retaining structures 
(Simpson 1992) is justified.

-  In all the tests there was extensive evidence of residual 
stresses, structural deformations caused by the application 
and subsequent removal of the surcharge. The presence of 
these residual stresses makes the response to further sur
charge application more complex. Therefore it appears that 
the principle of superposition which is often used by de
signers is invalid.

Earth retaining structures perform satisfactorily, even though 
the design stresses are underestimates of the actual values. 
This is primarily due to large factors of safety which have 
been introduced into the design to take account of the uncer
tainties in the soil and loading conditions.
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5 CONCLUSION

The results of an experimental study of the behaviour of an L- 
shaped wall supporting Leighton Buzzard sand and subjected 
to the effects of a uniform surcharge have been reported. The 
tests were performed at an an acceleratipon of 60g at the 
UMIST Geotechnical Centrifuge.
-  As would be expected the lateral pressure has been found 

to be a function of the degree and nature of the wall
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