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ABSTRACT: The seismic performance of gravity retaining walls is usually assessed through
simplified displacement-based models derived from the original Newmark’s sliding block
approach. These models generally neglect the effect of the change in the system geometry as
displacements develop and the kinematic compatibility between the displacement of the wall
and of the soil wedge involved in the plastic mechanism. Both these aspects require further
understandings from a theoretical and experimental point of view. In this vein, with reference
to gravity retaining walls characterized by a prevalent translational failure mechanism, the
paper illustrates the comparison between shaking table test results and the numerical predic-
tions obtained using a recently proposed model. Test results are presented and examined to
check the reliability of the model predictions in terms of yield acceleration and displacements
kinematic compatibility.

1 INTRODUCTION

The predictions of the seismic behavior of earth-retaining structures can be carried out using
performance-based approaches accounting for the soil-structure interaction phenomena. In
this framework, the occurrence of a limit state in the soil-wall system should be checked
assessing, with reliable predictive models, the occurrence and the magnitude of permanent
displacements of the structure and of the soil volume involved in the seismic-induced plastic
mechanism.
In the case of gravity concrete retaining walls these kinds of analyses are usually carried out

using simplified displacement-based procedures, that starting from the pioneer study by Rich-
ards and Elms (1979), were proposed modifying the original Newmark’s sliding block approach.
Conversely, dynamic numerical analyses are frequently required in the case of earth-reinforced
walls (e.g. Capilleri et al. 2018) which generally exhibit a ductile seismic response.
Once the yield acceleration of the soil-wall system has been evaluated, for a given input

ground motion, permanent displacements and/or rotations can be computed by integrating
the equation of motion of the soil-wall system or through simplified empirical formulas. In
both cases the change in the system yield acceleration as displacements develop and the kine-
matic compatibility between the displacements of the wall and of the retained soil wedge are
generally neglected.
A model accounting for both these aspects was recently proposed with reference a sliding

failure mechanism. In the paper, the results of several shaking table tests were presented and
discussed to check the model predictive capability in terms of soil-wall yield acceleration and
kinematic displacements compatibility.
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2 SHAKING TABLE TESTS

The experimental activities were carried out at the EERC of Bristol University and consisted of
static and dynamic friction tests, white noise excitation tests and six sets of shaking table tests
(namely Test 2,. . .,7). A comprehensive description of the model set-up, of the overall experi-
mental activities and of the obtained results are given by Biondi et al. (2003, 2006, 2016). Some
relevant data and results are described herein with reference to the shaking table tests.

2.1 Physical modelling, boundary conditions and input motions

The shaking table tests were carried out using a large (3x3m) shaking table (only 1 degrees
of freedom was activated during the tests), a small shear stack (119 x 81.4 x 55 cm) and a
concrete wall model (height H = 50 cm, width b = 52 m, weight Ww=1.3 kN) characterized
by a prevalent sliding failure mechanism. During the model preparation, the back face of
the wall and the internal side of the lateral walls of the shear stack were greased and covered
with a thin latex membrane, realizing smooth interfaces. Conversely, rough surfaces were
realized at the bottom of the shear stack and in the inner side of its end walls gluing a thin
layer of sand. Differently from the Tests 2-4, also a thin (5 mm) layer of sand was placed
over the bottom of the shear stack in the Test 5-7 realizing a different interface with the wall
base. For each test, the wall was placed in the shear stack which was filled with Leighton
Buzzard Sand achieving a relative density DR in the range 55% to 70%.

During each test several runs of sine-dwell displacement time-histories were applied to the
table as input motion. Each run consisted of 30 cycles characterized by a constant frequency
f, equal to 3 (Test 3,5), 5 (Test 2,6) or 7 Hz (Test 4,7), and by an amplitude which increased
in the first 5 cycles, reduced to zero in the last 5 cycles, being constant in the intermediate
20 cycles. Input peak acceleration varied in the range 0.05 g - 0.6 g.

Figure 1. Shaking table, physical model and experimental setup (after Biondi et al. 2006, 2016).
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The response of the soil-wall model was monitored in terms of horizontal and vertical accel-
erations and displacements. Figure 1 show the experimental setup and the location of the
accelerometers and displacement transducers whose positions were defined using the predicted
static and the seismic active soil wedges (dashed planar surfaces depicted in Figure 1), the
latter computed for the larger acceleration expected in the soil.

2.2 Test results

A summary of the shaking table test results is presented in Figures 2 and 4 for the Test n. 2, 3
and 4 and in Figures 3 and 5 for the Test n. 5, 6, and 7.
Specifically, in the Figures 2 (Test 2, 3 and 4) and 3 (Test 5, 6 and 7) the horizontal wall

permanent displacements (dmax,w) and peak horizontal acceleration (amax,w) are plotted versus
the displacement (dmax,T) and acceleration (amax,T) amplitudes imposed to the table.

In these figures also the numerical prediction of the geometry of the static and of the seismic
active soil wedges (the latter computed for the larger peak horizontal acceleration kh,max

recorded in upper horizontal Setra acceleration transducers – S4, S10) are also represented as
dashed lines starting from the toe of the wall.
An evident change in the geometry of the soil volume involved in the plastic mechanism

induced by the motion is also apparent from the plots of Figures 4 and 5. Specifically, from
the profiles detected at the end of each test, it can be observed that, in all the cases, a sloping
ground surface generally characterizes the deformed geometry.
Also, the predicted geometry of the seismic active soil wedge well fits with the location of

the portion of the free surface of the physical model were significant displacements were
detected.

Figure 2. Test 2, 3, and 4: summary of experimental results in terms of wall displacements (dmax,w) and

peak acceleration (amax,w) versus input displacement (dmax,T) and acceleration (dmax,T) amplitudes.
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Finally, a general settlement of the ground surface due to the sand densification induced by
the shaking can be also noticed in the portion of the model located outside from the predicted
seismic wedge.
From the plots of Figures 2 and 3 threshold values of the input displacement (dmax,T) and

acceleration (amax,T) amplitude, below which no significant permanent wall displacements
occur, can be clearly detected (and are descried later in the paper). These displacement and
acceleration values are influenced by the input frequency f. Conversely, regardless f, acceler-
ation amplification ratios up to about 1.6 can be also detected from the amax,T - amax,w plots
relevant for the top of the wall.

3 THEORERICAL MODEL

A modified Newmark-type analysis for sliding gravity retaining walls was recently proposed
by Biondi et al. (2014). The reference scheme for the analysis is shown in Figure 6a (together
with some relevant notations) and consist of a two-wedge system (the wall and the retained
soil wedge). In the model, a shape factor SF describes the condition of kinematic compatibility
between the wall and the retained soil which requires the same amplitude for the components
of the displacement vectors dw (of the wall) and ds (of the soil wedge) normal to the boundary
between the two wedges (back face of the wall).
Accordingly, two displacement factors, Cw (for the wall) and Cs (for the soil wedge), are

introduced and the corresponding permanent displacements, dw and ds, can be computed
starting from the displacement do of a rigid block sliding, along a horizontal plane, with the
same yield acceleration kh,c of the actual soil-wall system.

Figure 3. Test 5, 6, and 7: summary of experimental results in terms of wall displacements (dmax,w) and

peak acceleration (amax,w) versus input displacement (dmax,T) and acceleration (dmax,T) amplitudes.
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Figure 4. Test 2, 3, and 4: summary of test results in terms of backfill profile at the end of the test and

final permanent displacement of the wall.
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Figure 5. Test 5, 6, and 7: summary of test results in terms of backfill profile at the end of the test and

final permanent displacement of the wall.
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A closed form solution is also provided by Biondi et al. (2014) for the evaluation of kh,c as a
function of the normalized wall weight Γw (whose expression is provided in Figure 6), the
angle of soil shear strength φ′ of the retained soil and of its slope i, the soil-wall friction angle
δ and the inclination β of the wall back-face, the friction angle φb describing the shear resist-
ance available along the soil-wall base interface inclined of αb to the horizontal.
Finally, both a small and a large displacement analysis can be carried out, neglecting or

accounting for the effect of the change in system geometry, respectively. A simplified evalu-
ation of this effect can be performed using a correction factor ξ representing the ratio between
the displacement computed accounting for or neglecting the increase of yield acceleration as
displacement develops. A fit of several numerical results allowed defining the expression of ξ
given in Figure 6, being kh,co the initial value of kh,c.

4 EXPERIMENTAL MEASUREMENTS VS NUMERICAL PREDICTIONS

To examine the reliability of the selected theoretical model, a systematic comparison between
experimental results and numerical prediction was carried out.
Herein, some of the comparison results are presented focusing on kh,c and SF.

4.1 Critical acceleration coefficient

For the numerical analyses presented herein the following values of the model parameters
were used (Biondi et al. 2016): i = β = δ = αb = 0, φb ≈ 28°÷31°. The soil unit weight and the
angle of soil shear strength of the retained soil were computed as a function of the average soil
relative density DR achieved in each test at the end of the sand deposition procedure: γ ≈ 15-18
kN/m3, φ ≈ 41.5° ÷ 45° (Biondi et al. 2015).

Accordingly, kh,co in the interval 0.11 ÷ 0.19 (light grey areas in Figure 7) has been esti-
mated and it is also SF = 0.48 ÷ 0.49, Cw = 0.76 ÷ 0.81 and Cs = 1.59 ÷ 1.65.

Since large displacements were always attained, Biondi et al. (2016) carried out the same
evaluations using the value φ′cv = 35° (Stroud, 1971) describing the constant volume shear
strength of Leighton Buzzard Sand (dark grey areas in Figure 7).
In Figure 7 the measured values of the wall permanent displacements (dmax,w) are plotted in

a log-scale versus the acceleration amplitudes amax,T imposed to the table.
Starting from these plots, reliable values of kh,co have been detected assuming yielding

values of the wall displacement dmax,w in the range 0.1-0.2 mm, comparable with those
required to attain the active limit state in sands (Clough and Duncan 1991).

Figure 6. Reference scheme of the predictive model proposed by Biondi et al. (2014).
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Figure 7. Comparison between computed yield acceleration and values detected from experimental

results.

Figure 8. Comparison between measured and theoretical values of the displacement ratio.
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Specifically, regardless the input frequency f, values in the ranges kh,co = 0.22 ÷ 0.27 and kh,
co = 0.15 ÷ 0.20 can be detected for the Test 2-4 (Figure 7 a) and 5-7 (Figure 7 b), respectively.
Both these ranges are in a fair agreement with the interval of kh,c = 0.11 ÷ 0.19 estimated with
the theoretical solution by Biondi et al. (2014).

4.2 Shape factor

The soil profiles detected at the end of Test 2-4 (Figure 4) and Test 5-7 (Figure 5) were
adopted to estimate the shape factor SF from the displacement measurements.

Since the soil volume involved in the plastic mechanism did not behave as a rigid body, two
reference values of its permanent displacements, dso and ds1, were detected from the experimen-
tal measurements referring to the upper point of the wall-wedge interface. Figure 8a shows the
reference scheme adopted herein for the evaluation of dso and ds1. Accordingly, two values of SF
were estimated for each tests as the ratio of the permanent displacement of the wall (dw) to the
component ds of ds,o or of ds,1 along the sliding surface inclined of αc to the horizontal.
The comparison between ‘measured’ and theoretical values of SF is presented in Figure 8 b-e).

Specifically, measured values of ds are plotted versus the corresponding values of dw in Figure 8
b and d, where the theoretical solution corresponds to the continuous line inclined of 1/SF (with
SF estimated assuming φb = 30°).

In Figures 8 c and e the comparison is presented in terms of values of SF: the dashed lines
in Figures 8b-ec represent the theoretical solutions obtained using the minimum and the max-
imum values of the measured friction angle φb; the light grey areas depicted the Figures 8b-ec
represent the values already computed by Biondi et al. (2016) assuming φ′ = 35°.

As it can be observed, regardless the assumption concerning the angle of shear strength, a
fair agreement exists between the theoretical and experimental (two sets of data) values of SF
regardless the frequency and the amplitude of the displacement time-histories adopted as
input motion.
On the whole, a satisfactorily comparison between the experimental results described in the

paper and the numerical predictions obtained with the considered theoretical model is gener-
ally observed. Accordingly, the model predictive capability can be considered verified in terms
of soil-wall yield acceleration value and kinematic displacements compatibility.

REFERENCES

Biondi G., Massimino M.R., Maugeri M., Taylor C. 2003. Influence of input motion characteristics on

dynamic soil-structure interaction by shaking table tests. WIT Transactions on the Built Environment,

(72), 2003: 225–234.

Biondi G., Capilleri P., Maugeri M. 2006. Dynamic response analysis of earth-retaining walls by means

of shaking table tests. 8th U.S. Nat. Conf. on Earthquake Engineering, San Francisco, CA, 18–22 April

2006. Paper n.1245.

Biondi G, Cascone E, Maugeri M. 2014. Displacement versus pseudo-static evaluation of the seismic per-

formance of sliding retaining walls. Bulletin of Earthquake Engineering, 2014, 12(3): 1239–1267.

Biondi G, Massimino M.R., Maugeri M. 2015. Influence of frequency content and amplitude of input

motion in DSSI investigated by shaking table tests. Bulletin of Earthquake Engineering: 1–35.

Biondi G., Capilleri P, Motta E. 2016. Seismic displacements of retaining walls: Shaking table test results

vs numerical predictions. 1st IMEKO TC4 International Workshop on Metrology for Geotechnics,

MetroGeotechnics 2016.

Capilleri P.P., Ferraiolo F., Motta E., Scotto M., Todaro M. 2018. Static and Dynamic Analysis of two

Mechanically Stabilized Earth Walls. Geosynthetics International, 26, 2019: 26–41.

Clough G.W., Duncan J.M. 1991. Earth pressures. In Foundation engineering handbook. H.Y. Fang (ed.):

223–235. New York: Van Nostrand Reinhold.

Stroud M.A. 1971. The behaviour of sand at low stress levels in the simple shear apparatus. PhD Thesis.

Cambridge University, UK

Richards R., Elms D. 1979. Seismic behaviour of gravity retaining walls. Journal of Geotechnical Engin-

eering, ASCE, 105 (4): 449–464.

1579


	Welcome page
	Table of contents
	Author index
	Search
	Help
	Shortcut keys
	Previous paper
	Next paper
	Zoom In
	Zoom Out
	Print


