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ABSTRACT: Results of numerical modelling of gravity retaining walls using the OpenSees
finite element facilities are presented. Simplified design analyses for gravity walls are often
based on pseudo-static modelling. The purpose of the paper is to check on the validity of the
pseudo-static approach by calculating, using results from nonlinear time history analyses, the
accumulation of permanent displacements during the course of dynamic excitation.

The walls are founded on dense dry sand and backfilled with dense or medium dry sand. The
sand is modelled using the Manzari and Defalias constitutive relationship available in OpenSees.

Two configurations of a moderately stiff reinforced concrete cantilever gravity retaining
wall are investigated. The results of varying the foundation heel and toe projections are pre-
sented. Ricker wavelets applied at the base of the foundation layer are used for the dynamic
response rather than earthquake time histories. It is concluded that when the walls are subject
to horizontal accelerations equivalent to the pseudo-static acceleration at which permanent
displacements are initiated, the residual displacements from OpenSees are modest and likely
to be regarded as indicative of satisfactory performance. Results from the application of
repeated Ricker wavelet excitation are also presented.

1 INTRODUCTION

Pender (2019) discusses, from a pseudo-static viewpoint, the design, under earthquake load-
ing, of reinforced concrete cantilever gravity retaining walls. This approach recognises that
the performance criterion is the magnitude of the permanent displacement of the wall when
the earthquake has ended. Permanent displacements are likely to be generated by a combin-
ation of rotation and horizontal sliding at foundation level caused by earthquake accelerations
in the backfill behind the wall and in the soil beneath the foundation. The intention of the
pseudo-static approach is to identify the horizontal acceleration at which permanent move-
ments of the wall system are likely to be initiated.
The purpose of this theme lecture is present results of preliminary finite element analyses of

cantilever wall systems under dynamic excitation. It is a continuation of the work reported by
Kamalzedah and Pender (2019). The OpenSees (McKenna et al 2013) finite element analysis
facilities were used for the modelling. The walls are founded on dense dry sand and the back-
fill is both dense and medium dry sand. The stress-strain-strength behaviour of the sand is
modelled using the Manzari and Defalias (2004) model for sand which has been coded into
OpenSees (Gofrani and Arduino 2015). The attractive feature of the Manzari and Dafalias
model is that with one set of parameters it is possible to represent the full spectrum of the
drained behaviour of sand from dense dilatant conditions to loose contractant, and at the
same time account for the effect of variations in confining pressure.
Ricker wavelet excitation (Fardis et al 2003, Loli et al 2015), both as a single event and as a

series of repeated wavelets, is used for dynamic excitation as these gives a clearer indication of
how the wall system is responding than earthquake time histories.
The main conclusion from the finite element analyses is that when the cantilever wall has a

heel projection under the backfill the response of the backfill behind the cantilever wall is very
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different from that envisaged in the pseudo-static calculations. However, when Ricker wavelet
pulses are applied which generate horizontal accelerations corresponding to those estimated
from the pseudo-static analysis, the residual displacements are modest and accumulate only
gradually when the wavelet pulses are repeated. In other words, the sophisticated and time-
consuming finite element analyses confirm that the pseudo-static approach gives a reasonable
indication of the horizontal acceleration at which the permanent deformations of the wall
system start to become significant.

2 WALL CONFIGURATION, SOIL PROFILE DETAILS & PROPERTIES

The details of the cantilever wall system and soil profile analysed are shown in Figure 1. The
wall is 8m tall and has a base 5 m wide, with a 3 m heel projection. The reinforced concrete
wall components are 0.5 m thick. The proportions of the wall follow the suggestions of Clay-
ton et al. (1993). There are interface elements between the concrete wall components and the
sand backfill and sand beneath the foundation. Also shown in Figure 1 are the lateral bound-
ary soil columns which are 5 m wide and have a lateral extent of 10 km. These mimic the
dynamic excitation that would arise from ground motions well beyond the boundary of the
finite element mesh; the technique was suggested by McGann and Arduino (2015) and used by
Chin et al (2016) and Kamalzadeh and Pender (2019). At first reading this seems a strange
idea. The intention is to provide sufficient mass at the lateral boundaries to represent the
material behind and yet to ensure that the stress distribution in these soil columns is appropri-
ate for the properties of the soil being modelled.
The backfill behind the wall has the properties of Toyoura sand; two relative densities were

used: 95% (void ratio = 0.60) and 45% (void ratio 0.80). (The maximum and minimum void
ratios of Toyoura sand are given by Ishihara (1996)). Beneath the wall there is a 30 m depth of
dense Toyoura sand (void ratio = 0.60), which in turn is underlain by rock.
The behaviour of the sand is modelled with the Defalias and Manzari (2004) constitutive

relationship which is based within a critical state framework. This covers the full spectrum of
drained behaviour of sand from dense dilatant to loose contractant with one set of material
parameters. Figure 2 shows the results of drained plane strain compression of an element of
Toyoura sand at a range of confining pressures from initial void ratios of 0.60 for dense and
0.80 for medium. The values for some of the model parameters are given in Table 1, the
remainder can be found in the Dafalias and Manzari (2004). It is clear that at low confining

Figure 1. Cantilever wall, 8 m tall with 3 m heel and 1.5 m toe projection. With dense (eo = 0.60) and

medium (eo = 0.80) sand backfill on a dense sand foundation layer.
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pressure and an initial void ratio of 0.60 there is dilatant volume increase during the shearing
with a peak in the stress ratio curve. For the void ratio of 0.80 the volume change behaviour is
contractant and there is no peak in the stress ratio curve.

3 WALL RESPONSE TO GRAVITY LOADING

Before the wall can be “constructed” the 30m deep foundation layer needs to be placed and
the gravity induced in situ stresses established, then the wall and backfill are placed and sub-
ject to gravity. In other words, a number of separate loading phases are needed to model the
gravity wall system. For the first phase the 30 m deep foundation layer is constructed and,
second, the wall and backfill are placed in a single loading phase. (A more sophisticated
numerical process could have been employed involving several wall construction phases: place

Figure 2. Plane strain compression of an element of Toyoura sand calculated with OpenSees using the

Dafalias and Manzari constitutive relationship. (a) and (b) shear stress v axial strain for dense and

medium, and (c) and (d) volume change v axial strain for dense and medium sand.

Table 1. Values for the principal properties of the sand modelled.

Property Underlying soil Backfill

Depth (m) 30 8

Density (t/m3) 2.0 1.8

Initial void ratio (eo) 0.6 0.6 & 0.8

Friction angle (degrees) 42 42 & 33

Critical state friction angle (degrees) 31 31

Static Poisson’s ratio 0.3 0.3

Dynamic Poisson’s ratio 0.05 0.05
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the reinforced concrete wall structure and allow the weight of this to generate additional stres-
ses in the foundation soil
below, then place the backfill in a series of layers with each affecting the stresses in the foun-

dation soil and applying lateral pressure to the wall structure.)
The GiD software (Coll et al 2016) was used to process the output from OpenSees to obtain

the contour plots in Figure 3 (a) and (b) (and in other figures below). The volumetric strain
distributions in Figure 3(a) indicate a triangular wedge of material behind the upper two
thirds of the wall height with dilatant volume increase. No such zone is evident for the
medium backfill in Figure 3(b) where the volumetric strains are contractant. It is of note that
there is nothing in the volumetric strain contours for either backfill density state to support
the concept that a virtual back of the wall separates a zone of backfill associated with the wall
from the zone which generates active thrust. The lateral displacement at the top of the wall is
-0.9 mm for the dense backfill and 12.8 mm for the medium backfill. For the medium backfill
this is 0.16% of the wall height, a displacement of the order one would expect for an active
pressure distribution (Clough and Duncan 1976). Figure 3 (c) and (d) show the lateral pressure
distributions against the virtual back of the wall. The magnitudes of the lateral pressures are
similar for both the dense and medium backfill. This is possibly a consequence of the friction
angle of the medium backfill being smaller than that of the dense backfill. Additionally, there
is the effect of the dilatancy of the dense sand backfill. Figure 3 (a) shows an increase in
volume for the dense backfill material, this increase in volume would be expected to generate
additional lateral stress against the restraint provided by the wall. The pressure distributions
are equivalent to mobilised earth pressure coefficient values of 0.39 and 0.38, whereas the
value of Ka corresponding the critical state friction angle for the sand is 0.32. However, in
neither case is there a well-defined zone of shear failure, as would be expected from conven-
tional active earth pressure theory. Yet another factor that may contribute to the pressure dis-
tribution differing from that associated with classical active conditions is the reverse rotation
of the foundation slab when gravity load is applied; a consequence of the centre of mass of the
wall being closer to the heel than the toe. Examination of the settlement figures for the foun-
dation slabs in Figures 3(a) and (b) shows that this occurs for both the dense and medium
backfill.

Figure 3. Gravity loading of cantilever retaining wall. (a) and (b) volumetric strain contours, and

deformations of the foundation for the dense (eo = 0.60) and medium (eo = 0.8) backfill respectively, (c)

and (d) lateral pressure distribution against the virtual back of the wall for the dense and medium backfill

respectively.
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The shape of the lower part of the lateral pressure distribution is similar to that proposed
by Handy (1985) where soil arching is offered as the explanation for the observed decrease in
lateral pressure towards the bottom of the wall.
As the wall lateral displacements in Figure 3 are modest, pull-back modelling was done by

applying a gradually increasing horizontal force to the stem 3.8 m above the base of the wall
(the height at which the resultant of the lateral active thrust and earthquake induced inertia
forces act behind the wall). Figure 4a gives the load-displacement curves for a wall with a 3 m
heel projection for both dense and medium backfill. Below in section 6 the response of an 8 m
tall cantilever wall with a 3 m long foundation but zero heel projection is discussed; the pull-
back response of that wall is shown in Figure 4b. In both parts of the figure the displacement
axis gives the lateral displacement at the top of the wall stem.
Considering first the results for the wall with the 3 m heel projection in Figure 4a. This

shows for the medium sand (eo = 0.80) that there is relatively small passive resistance at the
toe and both this and the active thrust have a gentle downward trend with increasing lateral
displacement. On the other hand, the magnitude of the shear resistance on the underside of
the foundation does not reach a steady value until the displacement is about 150 mm. For the
wall with the dense backfill (eo = 0.60) the active thrust does not reach a steady value until the
lateral displacement is more than 100 mm. This is 1.25% of the wall height and greatly in
excess of 0.1% of wall height often associated with active conditions (Clough and Duncan
(1976)). Also, the magnitudes of the passive resistance at the toe and the interface shear
beneath the foundation increase steadily with displacement. These comparisons show that the
wall with a combination of a 3m long heel and dense dilatant backfill behaves in a manner
different to usual understanding of active earth pressure conditions.
Considering now the data plotted in Figure 4b which cover the medium sand backfill case

only. Since this L-shaped wall has zero backfill over the toe, the total vertical force on the foun-
dation is less than that on the wall shown in Figure 1, consequently the active thrust is less. In
this case the active thrust does reaches a steady value at a displacement of about 80 mm. The
passive resistance at the toe and the interface shear beneath the foundation also reach steady
values at a displacement of about 80 mm. These displacements are 1% of the wall height, so are
again in excess of the displacements frequently associated with active earth pressure conditions.

4 APPLICATION OF RICKER WAVELET EXCITATION

The procedure for the dynamic input to the base of the foundation layer is the same as that
used by Kamalzedah and Pender (2019) and Chin et al (2016). Namely, the outer boundaries
of the soil
profile have sufficient mass that the input is equivalent to that from a soil profile of lateral

extent much wider than the 80 m shown in Figure 1, (McGann and Arduino (2015)). Below

Figure 4. Lateral displacement response of an 8m tall cantilever wall to a gradually increasing pull-back

force applied to the stem 3.8 m above foundation level. (a) Wall with a 3m heel projection and dense and

medium backfill; (b) L-shaped wall with a 3m foundation but zero heel projection and a medium backfill.
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the dense sand layer there is a transmitting boundary which requires a velocity input. This is
applied at the left hand boundary, with all the nodes along the bottom of the mesh con-
strained to move together so that the input at the base is the same across the finite element
mesh. These details are illustrated in Figure 5.
Figure 6 shows the response at points A and B at the mid height of the backfill to a Ricker

wave input with a peak acceleration of 0.10 g. The only dynamic input was horizontal acceler-
ation, in the vertical direction there was no acceleration other than gravity.
Normalised response spectra, obtained from one-dimensional modelling of an 38 m tall dry

sand column with a void ratio of 0.80, are given in Figure 7. The spectra, are for linear soil
behaviour and for nonlinear behaviour from a series of Ricker wavelets with increasing peak
acceleration. For low-level excitation the acceleration response at the centre of the backfill
layer is more than double that of the input, but as the peak acceleration of the input increases
the amplification at the centre of the backfill decreases. Table 2 gives the peak acceleration
responses at points A and B, both as accelerations and ratios with respect to the input acceler-
ation, obtained for the response of the complete wall system. The values plotted in Figure 7
are for one dimensional analysis whilst those in Table 2 are for two-dimensional response; on
comparison slight differences are apparent.

5 WALL RESPONSE TO SINGLE RICKER WAVELET EXCITATION

Figures 8 to 11 give the response of the walls to a single Ricker wavelet excitation. The peak
horizontal accelerations produced at point A in the backfill were 0.29g and for the dense case
and 0.23 g for the medium case.

Figure 6. Ricker wavelet responses at positions A and B in Figure 5(b) to an input of 0.10g.

Figure 5. (a) Ricker wavelet acceleration time history; (b) Ricker wavelet applied to the base of the

finite element mesh as a velocity pulse with the lateral response of the nodal points along the base of the

foundation layer slaved to the input node.
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Figures 8 and 10 give the lateral earth pressure distributions against at the virtual back of
the wall. As expected, the dynamic loading increases the lateral pressures, the distributions
being very similar at the peak horizontal acceleration and peak the lateral displacement. Of
most interest, though, is, for both cases, the observation that the residual lateral pressures
after the Ricker wavelet excitation are greater than the pressures before.
Figures 9 and 11 gives contours of horizontal displacement, settlement, volumetric strain

and shear strain in the sand adjacent to and below the wall. The quantities contoured are the
changes due to the Ricker wavelet excitation. OpenSees gives the values of the volumetric

Figure 7. Response spectra at point B from one dimensional site response modelling with increasing

Ricker wavelet peak acceleration. (eo = 0.60)

Table 2. Peak acceleration and amplification at point B with increasing Ricker wavelet input.

Input Acceleration Backfill at B (eo = 0.6) Backfill at B (eo = 0.8)

0.05g 0.13g (2.6) 0.14g (2.8)

0.10g 0.24g (2.4) 0.25g (2.5)

0.20g 0.42g (2.1) 0.36g (1.8)

0.30g 0.57g (1.9) 0.48g (1.6)

Figure 8. Wall responses to a Ricker that produces a peak acceleration of 0.29 g at point A in the back-

fill behind the wall. Pressure distribution at peak displacement, peak acceleration, and the residual pres-

sure distribution. (eo = 0.6) (Static mobilised Ka = 0.24)
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strain and settlement that include the values at the end of the gravity loading, so these values
need to be subtracted from the final values to obtain what is to be plotted. The same was done
for the contouring in Figures 3(a) and 3(b).
It was noted that with the foundation layer in place, a certain amount of settlement of the

layer occurred when the in situ gravity stresses were generated. Then if the 30 m deep layer,
without the wall and backfill, is subject to Ricker wavelet excitation there will be more settle-
ment. Consequently, the settlement contours in Figures 9 (b) and 10(b) include contributions
from the rocking effect of the wall and backfill as well the additional settlement of the founda-
tion layer from the Ricker wavelet.
As far as horizontal displacement and settlement are concerned Figures 9 (a) and (b) and 10

(a) and (b) show no special effect associated with the virtual back of the wall (a vertical line
between the heel and the ground surface above). The same can be said of Figures 9 (c) and
(d). It is apparent that there are concentrations of volumetric strain (dilatant volume increase)
and shear strain in front of the toe of the foundation. In particular, the shape of the contours

Figure 9. At peak lateral thrust: (a) lateral displacement contours, (b) settlement contours, (c) volumet-

ric strain contours, (d) shear strain contours. (eo = 0.6)

Figure 10. Wall responses to a Ricker wavelet that produces a peak acceleration of 0.23 g at point A in

the backfill behind the wall. Pressure distribution at peak displacement, peak acceleration, and residual

pressure distribution. (eo = 0.8) (Static mobilised Ka = 0.35)
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in front of the heel in Figure 9 (c) are reminiscent of the passive earth pressure failure
mechanism.
Coming to Figure 11, the wall with medium backfill, the horizontal displacement contours

are suggestive of the movements one would expect for an active earth pressure displacement
pattern. The shear strain contours show concentration at the heel of the wall and the volumet-
ric strain contours indicate mainly volume decrease.
Table 3 gives various Ricker wavelet induced incremental displacements when the displace-

ment at the top of the stem is a maximum and also the residual displacements after the
dynamic motion has ceased. For the residual dense backfill case the foundation rotation is
very small both at peak and residual displacement. For the medium case there is outward rota-
tion of the foundation both at peak displacement and at residual.

6 RESPONSE OF WALL WITH NO HEEL

Figures 3 to 9 give the response of the wall detailed in Figure 1 which has a 3m wide heel
extending behind the vertical stem. The diagrams show that the heel has a significant influence

Figure 11. At peak lateral thrust: (a) lateral displacement contours, (b) settlement contours, (c) volu-

metric strain contours, (d) shear strain contours. (eo = 0.8)

Table 3. Wall with heel maximum and residual displacements for a single Ricker wavelet with 0.10 g

peak acceleration.

At maximum displacement of the top of the stem (mm)

Initial void ratio δh_top δh_toe δv_toe δv_heel

0.60 136 96 -24 -40

0.80 230 127 -138 -99

Residual displacement (mm)

0.60 75 49 -40 -40

0.80 224 137 -161 -133
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on the response of the backfill material and the earth pressures generated in the backfill. To
investigate this further, modelling was done with a wall of the same height and base width as
that in Figure 1 but with the base moved forward 3 m so that the toe projection was increased
to 4.5 m from the
earlier 1.5 m, to form an L-shaped wall. The vertical load on the wall was now reduced so

the pseudo-static horizontal acceleration required to initiate permanent displacement is
reduced from 0.27g to 0.18g. Figures 12 to 15 give the response of the walls to a single Ricker
wavelet excitation with peak acceleration of 0.08 g. The peak horizontal accelerations pro-
duced at point A in the backfill were 0.18g and for the dense case and 0.22 g for the medium
case. These responses are markedly different from those for walls with a 3 m heel shown in
Figures 8 to 11.
Figures 12 and 14 give the lateral pressure distributions at peak acceleration and peak dis-

placement as well as the residual pressures at the completion of the dynamic excitation. For

Figure 12. L-shaped wall responses to Ricker that produces 0.18g response in backfill behind the wall.

Pressure distribution at peak displacement, peak acceleration, and residual pressure distribution. (eo =

0.6) (Static mobilised Ka = 0.21)

Figure 13. L-shaped wall at peak lateral thrust: (a) lateral displacement contours, (b) settlement con-

tours, (c) volumetric strain contours, (d) shear strain contours. (eo = 0.6).
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the dense backfill the residual lateral pressures are greater than the gravity distribution, but
for the medium backfill the residual pressures are very similar to the gravity values.
However, the contour plots in Figures 13 and 15 are the most interesting part of the results

for this case. Figures 13 (a) and (d) (eo = 0.60) suggest an active failure mechanism because of
the shape of the lateral displacement contours and the shear strain contours. Figure 15, eo
= 0.80,
shows horizontal displacement contours just as one would expect for an active earth pres-

sure mechanism. The volumetric strain contours and shear strain contours in Figures 15 (c)
and (d) are
even more strongly suggestive of an active failure mechanism as there are narrow zones

inclined upwards from the heel suggesting a region of localised strain such as expected on a
failure plane.
Table 4 gives various incremental displacements when the displacement at the top of the

stem is a maximum and also the residual displacements after the Ricker wavelet motion has

Figure 14. L-shaped wall responses to Ricker that produces 0.22g response in backfill behind the wall.

Pressure distribution at peak displacement, peak pressure distribution, and residual pressure distribution.

(eo = 0.8) (Static mobilised Ka = 0.24)

Figure 15. L-shaped wall at peak lateral thrust: (a) lateral displacement contours, (b) settlement con-

tours, (c) volumetric strain contours, (d) shear strain contours. (eo = 0.8)
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ceased. For the dense backfill case the foundation rotation is very small both at peak displace-
ment and at residual. For the medium case there is an inward rotation of the foundation both
at peak displacement and at residual.

7 WALL RESPONSE TO REPEATED RICKER WAVELET EXCITATION

So far we have considered the response to a single Ricker wavelet excitation. Now the results
of a sequence of 5 Ricker wavelets is considered so that the manner in which permanent dis-
placement accumulates with repeated loading may be revealed. Figures 16, eo = 0.60, and 17,
eo = 0.80, show how the residual lateral displacement at the top of the cantilever accumulates
with repeated applications of Ricker wavelets. Four values of peak horizontal acceleration of
the Ricker wavelets were used: 0.05, 0.10, 0.20 and 0.30 g. These are the accelerations at the
base of the foundation layer, so the peak acceleration at point A in the backfill is about twice
this (Table 2). The pseudo-static acceleration at which the wall illustrated in Figure 1 will initi-
ate permanent displacements is 0.27 g. From Table 2 this would be achieved from an input
acceleration of 0.10 g.
Figure 16 (dense backfill) shows that after five 0.10 g Ricker wavelet excitations the per-

manent lateral displacement at the top of the wall is a little more than 200 mm and Figure 18
shows that the foundation rotation is about 0.2 degree (the contribution from this is included
in the 200 mm). For a free standing wall these deformations probably indicate satisfactory
performance of the wall system. Figure 17 gives the results for the medium backfill case. After

Table 4. L-shaped wall maximum and residual displacements for a single Ricker wavelet with 0.10 g

peak acceleration.

At maximum displacement of the top of the stem (mm)

Initial void ratio δh_top δh_toe δv_toe δv_heel

0.60 111 65 -14 -13

0.80 156 121 -71 -94

Residual (mm)

0.60 86 34 -21 -28

0.80 194 130 -80 -114

Figure 16. Accumulated lateral displacements for Ricker input of 0.05, 0.10, 0.20 and 0.30 g PGA.

Show how displacements accumulate. (eo = 0.6)
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five Ricker cycles at 0.10 g the permanent lateral displacement is about 700 mm and, from
Figure 18 the foundation rotation is about 1 degree (the contribution from this is included in
the 700 mm). This amount of permanent displacement of the top of the wall (9% of the
height) does not suggest satisfactory performance.

8 DISCUSSION

The finite element results discussed above indicate that the heel projection behind the wall
stem has a significant effect on the interaction between the wall and backfill. For the case of
the L-shaped cantilever gravity wall the interaction between the wall and backfill is as would
be expected from conventional active earth pressure theory. These comments are based on
comparison of the contours in Figures 9 and 11 with those in Figures 13 and 15.
Pull-back calculations show that the walls with the heel and dense backfill require large lat-

eral displacements to reach capacity; displacements much larger than those usually associated
with active earth pressure distributions.

Figure 17. Accumulated horizontal displacements at the toe for Ricker input of 0.05, 0.10, 0.20 and

0.30 g PGA. Show how displacements accumulate. (eo = 0.8)

Figure 18. Accumulated foundation rotation (settlement at heel – settlement at toe)/5) for Ricker input

of 0.05, 0.10, 0.20 and 0.30 g PGA. Rotation accumulation after three Ricker wavelet excitations.
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For application of gravity earth pressures the walls with a heel beneath the backfill rotate
backwards. The explanation is that the centroid of the composite wall defined by the concrete
elements and the backfill over the heel lies closer to the rear of the heel. However, even in
some cases the wall with no heel rotates towards the backfill because the heaviest part of the
wall is at the rear.
The single Ricker wavelet loading was arranged so that the horizontal acceleration in the

backfill behind the wall was about equal to the pseudo-static acceleration value that would be
expected to initiate permanent displacements. The OpenSees residual displacements after the
passage of a single Ricker wavelet in these cases were modest for both the dense and medium
backfills and might be considered as acceptable performance.
When repeated Ricker wavelets were applied the rate of increase in residual displacement is

still modest for the dense backfill and does not become larger as the cycle number increases.
However, with the medium backfill the accumulation of residual displacement occurs a much
faster rate. Thus, the wall with medium backfill has a modest accumulation of permanent dis-
placement during the passage of five Ricker wavelets only for small peak input acceleration.
The work reported in this paper is for one wall height with only two foundation configur-

ations. Clearly, to arrive at more general conclusions, it will be necessary to investigate a
greater range of wall configurations. Additionally, the effect of the flexibility of the wall elem-
ents needs to be investigated. Finally, the Ricker wavelet excitation needs to be supplemented
by the use of earthquake time histories.

9 CONCLUSIONS

The OpenSees finite element analyses lead to following conclusions:

• Backfill response behind an 8 m tall gravity retaining wall with a 3 m wide heel is very dif-
ferent from that assumed for pseudo-static design (Figures 9 and 11). On the other hand,
the response of the backfill behind an L-shaped wall appears to follow classical active earth
pressure theory (Figures 13 and 15).

• For all cases analysed the earth pressure distribution increases approximately linearly over
the upper part of the virtual back of the wall but for the lower part it decreases (Figures 3,
8, 10, 12 and 14).

• The wall with a dense sand backfill shows dilatant volume increase and this has the effect
of stiffening the lateral behaviour of the wall and increasing the lateral capacity.

• Static pull-back of the wall shows that when the backfill is dense the lateral capacity is not
reached until displacements in excess of 1.25% of the wall height; well beyond the range
usually associated with active conditions. For medium backfill the displacement behaviour
is closer to that usually assumed for active earth pressure conditions. (Figure 4).

• A common approach to pseudo-static gravity wall design is to assume the boundary of the
wall system is defined by a vertical interface rising upwards through the heel of the wall
(virtual back); the backfill above the heel projection is assumed to be fixed to the wall. No
evidence of the virtual back is seen in the finite element results, except, perhaps, in the lat-
eral displacement contours in some cases (Figures 9(a) and 11(a)).

• The lateral pressure distribution after the passage of a Ricker wavelet is higher than the
prior gravity pressure distribution (Figures 8, 10 and 12).

• The results presented indicate, for the wall configuration investigated, that, at the pseudo-
static horizontal acceleration, permanent displacements up to a few per cent of wall height
occur after excitation by a single Ricker wavelet. This confirms that the pseudo-static accel-
eration is a useful indicator of likely earthquake behaviour of gravity retaining walls (Fig-
ures 16 and 17).

• Repeated Ricker wavelet pulses show that the permanent displacements build-up rapidly
for medium density backfill; consequently, good wall permanent displacement behaviour
may be dependent on dilatant backfill (Figure 17).
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