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ABSTRACT: Although single level basements are employed extensively in the dune sands of Perth’s suburbs,
there is little guidance available to assist estimation of lateral deflections of the embedded walls usually used.
This paper uses the finite element method to extrapolate data measured in an instrumented full scale cantilever
contiguous pile wall to a wide range of retained heights, sand properties and wall flexural rigidities. These
results are presented in the form of design charts to assist rapid estimation of wall deflections. These charts are
also shown to be suitable for assessments of deflections of buttressed piled cantilever walls, which offer an

attractive alternative to propped or anchored walls.

1 INTRODUCTION

Almost all commercial property in the Perth area
is now constructed with at least one basement level.
Apart from the alluvial materials in Perth CBD and
adjacent to the Swan River, ground conditions gener-
ally comprise dune/Aeolian sands with a water table
usually more than 5m below ground level. Cantile-
vered contiguous bored pile walls are often the pre-
ferred retention solution for single level basements
when construction is adjacent to neighbouring build-
ings, although sheet pile walls or kingpost walls are
also employed.

There are relatively few well documented case his-
tories providing measurements of lateral and vertical
soil movements adjacent to cantilever walls (as well
as their development with retained height and time).
Fortunately, one case history relevant to Perth’s dune
sands reported by Li & Lehane (2010) provides such
data for a staged excavation. This study involved a
comprehensively instrumented cantilever wall at
Shenton Park, West Perth and is used here as the base
case to calibrate a finite element backanalysis. The
backanalysis in then extended to a range of com-
monly encountered configurations to develop design
charts to assist designers in the estimation of lateral
displacements of embedded cantilever walls in these
ground conditions.

2 CASE HISTORY

The Shenton Park cantilever retaining wall exper-
iment is described by Li & Lehane (2010) and a photo

taken when the retained heights was at 2.2m is shown
on Figure la. The experiment involved the installa-
tion of 225mm diameter, 3.7m long CFA piles ar-
ranged at 300mm centres; this wall is approximately
half the scale of a typical construction in Perth. Exca-
vation on one side of the wall was conducted in stages
with periods of up to 1 month allowed in between
stages. Pile deflected shapes were monitored using in-
clinometer tubes placed centrally in the piles while
wall bending moments were derived from strain
gauges located on the tension and compression faces
of reinforcement cages, as illustrated on Figure 1b.
Vertical and lateral wall movements were measured
using particle image velocimetry of the digital photo-
graphs taken of the targets shown in Figure 1b. The
movements were observed to increase during the
pause periods between excavation stages, which Li &
Lehane (2010) showed could be explained by a grad-
ual reduction in apparent ¢’ (which arises due to suc-
tion) in the sand.

The sand at Shenton Park is typical of Perth dune
sands and is part of the Spearwood dune sand se-
quence. The sand has a mean effective particle size of
0.42mm, uniformity coefficient of 2.2 and average
degree of saturation of about 15%. The end resistance
(gc) and shear wave velocity (Vs) measured in seismic
cone penetration tests are shown on Figure 2, which
also plots in-situ stresses assessed with the assistance
of self-boring pressuremeter tests. It is evident that qc
increases approximately linearly with depth at a rate
of 2.5 MPa per metre. The CPT q. data combined with
a calibration performed between qc and densities
measured in sand replacement tests (see Lehane et al.,
2004) indicate that the sand below a depth of 1m has



a relative density (Dr) of between 50% and 55%. Bol-
ton’s (1986) correlations suggest that the plane strain
peak friction angle ¢'ps of Shenton Park sand at this
relative density is approximately 40 to 42° at low
stress levels.

The backanalysis of the Shenton Park contiguous
CFA pile wall was conducted in plain strain using
Plaxis 2D (Brinkgreve et al., 2016) employing a mesh
54 m wide and 15 m high. Plate elements were used
to model the wall while the sand was modelled as a
linear elastic Mohr Coulomb material and a Youngs
modulus (£) that increased linearly with depth with a
gradient = dE/dz. The E profile on the excavation side
of the wall was, for simplicity, taken to be the same
as on the active side and consequently a non-zero
modulus existed at excavation level. This approach is
often employed in practice and assumes that effects
of overconsolidation on the stiffness of the sand com-
pensate approximately for the reduced stress level due
to the excavation.

While backanalyses were performed for various
excavation depths, the analysis presented here consid-
ers the case for when the retained height (H) is 2.2m,
with a height to wall length ratio (H/L) of 0.6; this
ratio is at the upper limit of what is usually adopted
for embedded walls in dry sand. The lateral earth
pressure coefficient (Ko), which has a significant ef-
fect on wall displacements, was taken as the mean
measured value over the retained height of 0.7 while
the interface friction angle for the wall was assumed
equal to the sand’s constant volume friction angle of

32°.
Figure 1. (a) View of instrumented cantilever wall at Shenton
Park (b) instrumented section of wall showing strain gauge de-
tails. inclinometer tubes and PIV targets
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Figure 2 In-situ test data at Shenton Park
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Figure 1. Comparison of measured bending moment and
pile displacement profiles with predictions from the backa-
nalysis

The wall displacements and bending moments rec-
orded one month after completion of the excavation
are plotted on Figure 3 (noting that wall displace-
ments were three times lower immediately following
completion of the excavation). Various attempts were

made to match these measurements with FE predic-
tions and it was found that a best match, as shown on
Figure 3, was found for dE/dz =2750 kPa/m with ¢'=0
and ¢'=43°. These parameters are closely comparable
to those deduced by Li & Lehane (2010) using the
SAFE FE program. The same Young’s modulus gra-
dient led to reasonable predictions for different re-
tained heights for H <2.5m. This gradient corresponds
to a ratio to the CPT qc value (E/qc) of 1.1, which in-
terestingly is about 5 times less than the ratio adopted
by practitioners in Perth. Relatively low E/qc ratios
were also deduced by Lehane et al. (2008) in
backanalyses of footing tests on Perth’s dune sands.

3 PARAMETRIC STUDY

Given the ability of the FE analyses to replicate the
observations in the Shenton Park experiments, a se-
ries of analyses were performed to identify the rela-
tive influence of the wall’s flexural rigidity (EI), sand
friction angle and CPT qc gradient. Preliminary anal-
yses for typical retained heights (H) and wall lengths
(L) showed that the normalised lateral deflection at
the top of the wall (6n/H) could be described as a func-
tion of (H/L). The parametric study examined a H/L
range of 0.3 to 0.6 using wall lengths (L) =3.7m and
10m, in total, involved approximately 300 FE anal-
yses. The dE/dz gradient was assumed to be 1.1 times
the qc gradient (dq/dz = ¢.") in line with the Shenton
Park backanalyses. CPT qc gradients (q.") of 2.5
MPa/m (as measured at Shenton Park) and of 6.8
MPa/m (representative of a dense sand) were exam-
ined while friction angles ¢’ of 35° and 43° were in-
vestigated for both g.' values. The wall flexural rigid-
ities were varied by three orders of magnitudes and
attention was focussed on cases for which lateral de-
flections were less than 2% of the retained height
(0.02H), which is a typical upper limit in design.

The analyses showed that, in keeping with the
Rowe’s flexibility number and also the well-known
equation for the deflection at the end of a cantilever,
the computed normalised lateral displacements at the
top of the wall (on/H) varied with the retained height
(H) raised to the power of 3 and were inversely pro-
portional to the wall’s flexural rigidity (EI). These
trends are represented on Figure 4 by plotting the nor-
malised lateral displacement (6n/H) with the system
stiffness coefficient proposed by Clough et al. (1989),
El/(yw H*), where EI is the flexural rigidity per metre
length of wall; the unit weight of water (yw = 10
kN/m?) to non-dimensionalise the expression. The
following trends are evident on inspection of Figure
4:
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e As might be anticipated, the normalised lateral
displacement (dn/H) is strongly dependent on
H/L, with deflections up to 3 times higher at
H/L=0.6 compared to those at H/L=0.3.

e The normalised maximum wall deflection var-
ies directly with the system stiffness coeffi-
cient for EI/(yw H*) < 20.

e The qc gradient (q'c) has a significant effect
on/H for both rigid and flexible walls. An in-
crease in q'c from 2.5 to 6.8 MPa reduces wall
deflections by between 1.5 and 3 times.

e Increasing the wall’s EI value has little effect
in reducing the lateral deflection for stiff walls
with EI/ywH* >100; this characteristic has im-
portant design implications, given that increas-
ing wall stiffness is usually assumed to lead to
a reduction in wall movements.

e Increasing the friction angle from 35° to 43°
only reduces wall deflections by about 25% for
H/L=0.6 and has little effect on deflections for
lower H/L values.

It is important to note that a reduction in the Ko
value from the value of 0.7 employed in Figure 4 to a
more commonly adopted value of Ko,ne=1-sin¢’ leads
to a considerable reduction in the calculated on/H ra-
tio. For example, use of Konc in Shenton Park experi-
ment would have under-predicted the measured on
value by 40%.

4 EXAMPLE APPLICATION

The design chart on Figure 4 was recently used by
Belpile Pty Ltd to assess the influence of buttressing
a contiguous piled wall at a development in Perth
suburbs. There was a requirement at this development
to support a Sm high cantilevered section over part of
the site perimeter. The retention works around the
remainder of the development were constructed using
10m long, 600mm diameter CFA piles and therefore
Belpile opted to use the same pile type but with the
plan configuration shown on Figure 5 for the 5m
cantilever. The system stiffness was calculated using
the EI value (per metre length) of the complete
section indicated on Figure 5, given that a 800mm
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Figure 5 Geometry of buttress wall (600mm CFA piles at
650mm centres)

high heavily reinforced capping beam ensured that
the wall would behave as one unit. The system
stiffness of this buttressed arrangement is 600
compared to value more than 10 times less of 47 for
the wall with no buttress piles. The qc’ value at the site
was about 1.5 MPa/m (i.e. only 60% of the value at
Shenton Park of 2.5 MPa/m). Figure 4a was used to
estimate the lateral deflections assuming ¢'=35° with
H/L=0.5. This gives &n/H values of 4.8x107 and
6x10 for the buttressed and un-buttressed wall
respectively for qc'=2.5 MPa/m. Based on
extrapolation from the qc’ values considered in Figure
4 to the actual qc’ value of 1.5 MPa/m, best estimate
long term on values of 35mm and 45mm can be
determined for the buttressed and un-buttressed cases,
respectively.

A full 3D FE analysis using the mesh shown on
Figure 6 was also performed to examine the effects of
buttressing. This analysis, which used the same set of
parameters employed for derivation of Figure 4a but
with q¢'=1.5 MPa/m, gave lateral displacements of the
capping beam of 26mm and 38mm with and without
buttressing respectively. These displacements are in
good agreement with those determined from Figure
4a and show that the primary influence of buttressing
is to increase the overall wall rigidity. Based on the
trends shown on Figure 4, this rigidity has a signifi-
cant influence on lateral movements for flexible
walls, but less so for more rigid walls. Buttressing
combined with the capping beam also leads to a con-
siderable reduction in maximum pile bending mo-
ments (and hence wall steel requirements) due to the
capacity for the large reverse moments to develop at
the pile head. Further 3D analyses showed almost an
identical response when the buttress piles are located
on the excavation side of the wall.

Figure 6 FE mesh showing contours of lateral displacement)



The buttressed cantilever wall option can therefore
provide a suitable alternative to a propped or an-
chored wall, noting that the buttress piles, when lo-
cated on the excavation side, can be removed follow-
ing casting of the permanent slabs.

5 CONCLUSIONS

A series of a parametric analyses was performed
based on backanalysis of measurements obtained
from an instrumented cantilevered contiguous pile
wall in unsaturated Perth dune sand. The analyses
show that maximum wall movements vary directly
with the system stiffness for very flexible walls with
El/ywH* <20, while movements vary with H/L and are
independent of wall rigidity for EI/ywH*>100. Lateral
deflections generally depend on the system stiffness
(El/ywH?*), the CPT qc gradient (qc') and the assumed
Ko coefficient.

Design charts are presented that can be used to ob-
tain a rapid estimate of the likely lateral deflections
for various options being considered. The charts also
provide designers with a means to assess the impact
of using a wall of different flexural rigidity or H/L
value.

The analyses show that the charts are applicable
for buttressed cantilever walls, which provide an in-
teresting alternative to propped or anchored walls by
reducing the lateral deflection and maximum bending
moments.
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