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ABSTRACT: Some seismic centrifuge tests have been carried out on flexible retaining walls,
both cantilever and propped, in sands characterised by different Relative Density, saturated
below the dredge level. In the present paper the static and the dynamicbending moment distribu-
tions evaluated during the tests are compared with those obtained using simplified limit equilib-
rium models, both using the classical approach both taking also into account the effect of
Relative Density of the sand and the role of suction in the unsaturated part of the subsoil. The
paper stresses the fundamental role of such details in the interpretation of this kind of tests.

1 INTRODUCTION

Seven dynamic centrifuge tests have been performed under the SERIES project 2007-2014 and
the ReLUIS project 2009-2013 with the aim of studying the seismic behaviour of flexible can-
tilever or single propped retaining walls embedded in saturated sand, with the water table
coincident with the dredge level.
Tricarico (2015) and Tricarico et al. (2016) analysed in detail the results of these tests, focus-

ing on horizontal displacements of the walls, acceleration in the soil, pore pressures coefficient
and bending moment, the collapse mechanism, the amplification of the acceleration and its
phase difference, pore pressures and variation of the bending moment with respect to its static
value. Moreover, the authors presented a comparison with similar tests carried out in dry
sand (Conti, 2010) in terms of the same physical quantities highlighting the occurrence of
larger displacements, larger phase difference of the soil acceleration and less significant bend-
ing moment in the structure due to the effects of seismically induced pore pressures increases.
Some of the results of these centrifuge tests have been presented also by Aversa et al. (2015).
Looking at the experimental results, the bending moments seem very different from those

obtained by means of simple interaction models (Blum, 1931), based on the limit equilibrium
method, using the mechanical properties of the soil derived from laboratory tests carried out
on the soil, neglecting any effect of pore water above the groundwater level. In order to under-
stand the reason of such large differences, it was decided to still use simple limit equilibrium
analyses, but with different hypotheses on the mechanical properties of the soil or on the
effect of soil suction above the groundwater level. The results obtained by these back analyses
showed the importance of this kind of “details” in the interpretation of such kind of tests.

2 DESCRIPTION OF THE PHYSICAL MODELS

Centrifuge tests on flexible retaining walls have been carried out at the Schofield Centre of the
University of Cambridge, with a centrifugal acceleration equal to 40g. Two structure typolo-
gies have been considered: a pair of cantilever walls and a pair of walls with one level of prop
near the top while the sand has been reconstituted at two different relative densities: ID = 38%
and 80%. So, four possible model configurations have been tested: cantilever walls in loose
sand, cantilever walls in dense sand, propped walls in loose sand and propped walls in dense
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sand. The total height of the walls at the model scale is 200 mm (8 m at the scale of prototype),
while the excavation depths are 90 mm and 140 mm for cantilever tests (CWU) and propped
tests (PWU) respectively, corresponding to 3.6 m and 5.6 m at the prototype scale. These geo-
metrical features have been chosen in order to be similar to those adopted in the research pre-
viously carried out by Conti (2010) on walls embedded in dry sand. For lack of sufficient
space, in this paper only the results and the analyses relative to cantilever walls are presented.
With reference to symbols introduced in Figure 1, the geometrical characteristics of the tests
are reported in Table 1, with respect to both the model scale and the prototype scale.
Figure 2 shows the instrumentation layout for tests of cantilever walls installed in test

CWU1. Piezoelectric accelerometers (ACCs), pore pressure transducers (PPTs), LVDTs and
strain gauges (SG) are installed to respectively monitor: acceleration in the soil and of the
walls, positive pore pressures, horizontal displacements of the walls and vertical displacement
of the soil surface and bending moment in the walls.
Each model of the retaining wall consists of aluminium alloy plates with thickness

t = 6.36 mm, corresponding to a bending stiffness at prototype scale similar to that of a tan-
gent concrete pile wall with a diameter of 400 mm.
A standard fine dry silica sand has been used, namely Leighton Buzzard Sand 100/70, frac-

tion E, reconstituted at two values of relative density, ID = 38% and 80%. The specific gravity
of the sand is Gs = 2.65, its maximum and minimum voids ratio is equal to 1.014 and 0.613,
respectively, while its critical state angle of shearing resistance is φ′cv = 32° (Visone & Santucci
de Magistris, 2009). A high viscosity pore fluid has been used, consisting of a methylcellulose
solution, to have a consistent time scale for dynamic and diffusion phenomena.
The models were prepared in a Laminar Box, whose inner part is covered by a flexible

rubber sheet to avoid losing sand and pore fluid (Tricarico, 2015; Tricarico et al., 2016).
During each test, the model has been subjected to a series of trains of approximately sinus-

oidal waves with a common nominal frequency f, different amplitudes amax, and durations, t.
After each earthquake, a consolidation phase has taken place in order to permit the dissipa-
tion of pore pressures generated during the seismic excitation.
Seismic excitations were generated by a Stored Angular Momentum (SAM) actuator (Mad-

habushi et al., 1998) able to apply waves with frequencies in the range 30-50 Hz, correspond-
ing at 0.75-1.25 Hz at the prototype scale. Tables 2 shows some of the characteristics of the
earthquakes applied in tests on cantilever walls.

Figure 1. Reference models and geometrical features for tests on cantilever walls (CWU).

Table 1. Geometrical properties at prototype scale and model scale.

Prototype scale (m) Model scale (mm)

Test ID (%) h d B

CWU1 38 3.6 (90) 4.4 (110) 8.0 (200)

CWU2 80 3.6 (90) 4.4 (110) 8.0 (200)

CWU3 80 3.6 (90) 4.4 (110) 8.0 (200)

CWU4 80 3.6 (90) 4.4 (110) 8.0 (200)
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After the swing up, a sequence of earthquakes was applied to the models; between different
earthquakes, consolidation was allowed to take place. During earthquakes it was possible to
evaluate bending moments (with its maximum value generally attained after the first seconds
from the beginning of the earthquake), modifications of pore water pressures and accelerations
within the soil. Tricarico (2015) and Tricarico et al. (2016) widely discussed the test results.

3 LIMIT EQUILIBRIUM ANALYSES

3.1 Hypotheses of limit equilibrium analyses

In this section, the measured bending moments, both in static condition (after the swing up)
and during the earthquakes, are compared with theoretical evaluations based on limit equilib-
rium analyses carried out with three different earth pressure distributions:

1. limit equilibrium analysis with linear distribution of the active and passive earth pressure
(Figure 4). In the case of test in loose sand the considered angle of shearing resistance is the
critical state angle of shearing resistance; for tests in dense sand the peak angle of shearing
resistance has been used. The safety factor (defined as the inverse of the degree of mobilisa-
tion of the passive resistance) and the position of the centre of rotation represent the
unknowns of the equilibrium equations (horizontal and rotational). The forces considered
into the equilibrium equations are represented in Figure 3. Sa1, Sa2 and Sa3 are the active
forces above the centre of rotation; Sp1 is the passive force above the centre of rotation;

Table 2. Earthquake characteristics of tests CWU1, CWU2, CWU2 and CWU4 at the proto-

type scale

Test Earthquake f (Hz) amax (g) Duration (s)

CWU1 EQ1 1.25 0.1 35

EQ2 1.25 0.2 35
CWU2 EQ1 1.25 0.075 33

EQ2 1.25 0.1 35

EQ3 1.25 0.2 35
CWU3 EQ1 1.25 0.11 18

EQ2 1.25 0.13 19

EQ3 1.25 0.22 19
CWU4 EQ1 1.25 0.11 17

EQ2 1.25 0.18 18

EQ3 1.25 0.33 18

EQ4 1.25 0.11 18

EQ5 1.25 0.17 18

EQ6 1.25 0.28 18

EQ7 1.25 0.33 18

Figure 2. Layout of instrumentation of test CWU1

5331



Sp2 and Sp3 are the passive forces below the centre of rotation; Sa4 and Sa5 are the active
forces below the centre of rotation. The equilibrium equations and the expressions of the
forces at the limit equilibrium condition are reported hereinafter: i) horizontal equilibrium:

Sa1þ Sa2þ Sa3þ Sp2þ Sp3� Sp1� Sa4� Sa5 ¼ 0 ð1Þ

ii) rotational equilibrium around the centre of rotation:

Sa1 � ya1þ Sa2 � ya2þ Sa3 � ya3þ Sa4 � ya4þ

Sa5 � ya5� Sp1 � yp1� Sp2 � yp2� Sp3 � yp3 ¼ 0
ð2Þ

where ya1, ya2, ya3, ya4, ya5, yp1, yp2 and yp3 are the distance of the points of application of
the relative forces from the centre of rotation of the wall (see Figure 3). The expression of
the forces considered in the equilibrium equations are:

Sa1 ¼
1

2
� γd � Ka �H

2 ð3Þ

Sa2 ¼ γd �H � x�Hð Þ � Ka ð4Þ

Sa3 ¼
1

2
� γ0 � Ka � x�Hð Þ2 ð5Þ

Sa4 ¼ γ
0 � Ka � x�Hð Þ � L� xð Þ ð6Þ

Sa5 ¼
1

2
� γ0 � Ka � L� xð Þ2 ð7Þ

Sp1 ¼
1

2
� γ0 � Kp �

x�Hð Þ2

SF
ð8Þ

Sp2 ¼ γd �H þ γ
0 � x�Hð Þð Þ � Kp �

L� xð Þ

SF
ð9Þ

Sp3 ¼
1

2
� γ0 � L� xð Þ � Kp �

L� xð Þ

SF
ð10Þ

where γd is the dry unit weight of the soil, γ’ is the buoyant unit weight of the soil, Ka is the
active coefficient, Kp is the passive coefficient, H is the retained height, L is the total height
of the wall, SF is the safety factor;

2. limit equilibrium analysis with the angle of shearing resistance depending on the effective
mean stress p’ and on the relative density ID, using the relation proposed by Bolton (1986):

’
0 ¼ ’cv þ 5 � ID 10� In p0ð Þ � 1

where the angle of shearing resistance at critical state, φ’cv, of this sand is 32° according to
Visone & Santucci de Magistris (2009) and p’ is in kPa. The computation of the bending
moment in this case is similar to the previous case (see Figure 3) but the distribution of the
horizontal earth pressure is no more linear because it depends on the value of the angle of
shearing resistance through the seismic coefficients Ka and Kp More specifically, at each
depth, the mean effective stress p’ is calculated considering a state of effective stresses at
rest with K0 ¼ 1� sen ’

0
cv

� �

;
3. limit equilibrium analysis taking into account the influence of the capillary suction above

the water table. The reference scheme in this case is similar to the one reported in Figure 3
but the active force Sa1 is evaluated differently. Assuming the capillary suction arising up
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to the soil surface, the unit weight of the soil is computed considering the dependence on
the degree of saturation Sr which in turn depends on the depth through the water retention
curve of the material. The expression used to compute the unit weight of the material
above the water table is the following:

γðzÞ ¼ 1� nð Þ � γw � Gsþ γw � SrðzÞ � n

where n is the porosity of the material, Gs is the specific weight of the soil and the degree of
saturation Sr depends on the depth z through the water retention curve represented by a func-
tion Sr of the suction. For a given depth 0<z*<H the total vertical stress σv is computed as:

σv zð Þ ¼

Z

z�

0

γ zð Þdz

and the total horizontal stress σh is computed, following the Bishop (1959) definition of
effective stresses in unsaturated soil (with χ = Sr), as:

σh zð Þ ¼ Ka � σv zð Þ þ Sr zð Þ � �γw � H � zð Þð Þ � 1� Kað Þ;

In all the cases, γd and γ’ have been calculated taking into account the porosity of the soil,
depending in turn on its relative density.
Active and passive earth pressure coefficients have been evaluated by means of Mononobe-

Okabe (Mononobe & Matsuo, 1929; Okabe, 1926) and Lancellotta (2007) expressions respect-
ively, with an angle of shearing resistance at the interface soil-wall equal to ’

0

3
. In the interpret-

ation of seismic bending moments, increases of pore water pressure due to the earthquakes
have not been considered.

3.2 Interpretation of static distributions of bending moments

The comparison among the bending moment distributions evaluated using the three different
earth pressure distributions and the measured static bending moment distribution, the pre-
EQ2 bending moment distributions and the pre-EQ3 bending moment distributions for tests
CWU1, CWU2, CWU3 are reported in Figures 4 – 6.

Bending moments derived by the limit equilibrium analysis with linear distribution of the
horizontal effective pressure are higher than the experimental ones, both in loose sand and
dense sand (CWU1 in Figure 4, CWU2 and CWU3 in Figures 5 and 6, respectively). The dif-
ferences seems due to an overestimation of active pressures in the upper part of the wall. This
is the reason for which hypotheses 2 and 3 have been considered in the present paper.
The best estimation, both in terms of values of bending moments and of the depth where

the maximum value occurs, is obtained considering the hypothesis 2, indicating that the pre-
earthquake bending moment distribution is mainly influenced by the relative density of the
sand, which in turn modifies the angle of shearing resistance.

Figure 3. Earth pressure distribution used in the first method with linear distribution of active and pas-

sive side to predict the bending moment distribution for the cantilevered tests.
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3.3 Interpretation of distributions of bending moments during earthquakes

Considering the earth pressure distributions with an angle of shearing resistance variable
along the vertical (hypothesis 2) the maximum bending moment distribution during the differ-
ent earthquakes has been well predicted supposing a constant value of the inertial acceleration
a at the back of the wall and at the excavated side (Figures 7 – 9), equal to 0.08 g, for both
EQ1 and EQ2 of test CWU1 (loose sand), since the measured bending moment distribution
does not significantly differ from EQ1 to EQ2. The value of 0.08g can be interpreted for this
test as representative of the acceleration of Acc4, which is located about at the middle height
of the left wall. Also in this case, slightly worst results are obtained applying the hypothesis 3,
which considers the effect of soil suction above the groundwater table.

Figure 5. Test CWU2: comparison between the measured bending moment before EQ1 (static), EQ2 and

EQ3 and prevision through limit equilibrium analysis with different horizontal earth pressure distributions.

Figure 4. Test CWU1: comparison between the measured bending moment before EQ1 (static) andits

prevision through limit equilibrium analysis (LE) with different horizontal earth pressure distributions.

Figure 6. Test CWU3: comparison between the measured bending moment before EQ1 (static), EQ2 and

EQ3 and its prevision through limit equilibrium analysis with different horizontal earth pressure distributions.
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For tests in dense sand the measured maximum bending moment distributions present a more
significant variation passing from EQ1 to EQ3; this is evident in tests CWU2 and CWU3 where
the maximum bending moment varies passing from 39kNm/m to 49kNm/m and from 21 kNm/m
to 68 kNm/m respectively. This means that for tests in dense sand it is less indicated to use only a
value of the inertial acceleration to back-analyse the measured bending moment, differently from
what was done for the tests in loose sand. Anyway, in this paper, only a value of inertial acceler-
ation has been considered. For tests in dense sand the pseudostatic acceleration considered to
back-analyse the measured maximum bending moment distribution is 0.15g, again considering
the case of an angle of shearing resistance depending on mean effective stress and relative density
(Bolton, 1985) and the effect of suction above the groundwater table. In this case, especially for
test CWU3, the 3rd hypothesis gives rise to better results than hypothesis 2.

4 CONCLUSIONS

At the Schofield Centre of the University of Cambridge some tests on pairs of cantilever flex-
ible retaining walls realised in a sandy soil with a groundwater level coincident with the dredge
level have been carried out in order to understand their behaviour under static and seismic
actions (Tricarico, 2015; Aversa et al., 2015; Tricarico et al., 2016).
In the present paper bending moments measured during these tests have been compared with

those evaluated by means of simple limit equilibrium methods, following different hypotheses on
the stresses distributions acting on the wall. In the first hypothesis, classical active and partially
mobilised passive earth pressure distributions have been applied to the wall. In the second hypoth-
esis, the influence of the state of stress on the angle of shearing resistance has been considered,

Figure 7. Test CWU1: comparison between the max-

imum measured bending moment during EQ1 and

EQ2 and its prevision through limit equilibrium ana-

lysis with two different contact stress distributions.

Figure 8. Test CWU2: comparison between the

maximum measured bending moment during

EQ1, EQ2 and EQ3 and prevision through limit

equilibrium analysis with two different horizontal

earth pressure distributions.

Figure 9. Test CWU3: comparison between the maximum measured bending moment during EQ1and EQ2

and its prevision through limit equilibrium analysis with two different horizontal earth pressure distributions.
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while in the third one the effect of suction above the groundwater table has been taken into
account.
The back analysis of the tests has been carried out with reference to the static condition,

after the model was subjected to the centrifuge acceleration, and in correspondence of the
time when the bending moments reach their maximum values during seismic actions. In the
analyses, the effects of pore water pressures increases due to seismic actions are not con-
sidered. These increases are relevant at the end of the earthquakes but this is not true at the
times corresponding to the attainment of the maximum bending moments.
The results of back analyses show that the simple limit equilibrium analyses based on the

first hypothesis is generally unable to evaluate the bending moments in the retaining walls,
largely overestimating those measured during the tests. This is probably due to the influence
of other aspects, not considered in this kind of analysis. In fact, the comparison among tests
results and the back analyses carried out with the other two hypotheses were more acceptable.
This proves that the interpretation of such kind of tests cannot be conducted without con-

sidering the effects of details, such as the presence of negative pore water pressures (suction)
above the groundwater level and the substantial role of the state of stress on the value of the
angle of shearing resistance.
The dependency of the coefficients Ka and Kp on the inertial acceleration allows for the compu-

tation of the dynamical bending moment within the framework of pseudostatic analysis. In test in
loose sand a low value of horizontal acceleration well predicts the bending moment in both the
earthquakes EQ1 and EQ2, while this not true in general for the tests in dense sand.
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