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Executive Summary

For roads |l ocated below existing ground level increasing use
isbeing made of retaining wallswith astabilising base (ie. a
stub prop at formation level that extends only a short
distancefromthewall). Thisform of constructionis
generally more economical than either an unpropped wall of
deeper embedment or, in the case of awide road cutting, the
installation of a continuous prop at formation level between
the opposing walls. Minimal design guidanceisavailablefor
this particular class of wall and centrifuge mode! tests and
complementary finite element analyses have therefore been
carried out to provide further information.

Centrifuge tests were carried out using aretained height
of 8m, astabilising base projection of 4m, and both 4m and
8m embedments at prototype scale. Tests were carried out
inkaolin clay and in sand. In kaolin clay, both embedments
were of sufficient depth to prevent a short term undrained
collapse. However inthelong term the 4m embedment wall
wasin astate of collapse whereas the 8m embedment wall
apparently stabilised. With the testsin sand, wall
movements were much smaller because of the greater soil
stiffness. Different modes of movement also occurred: the
4m embedment wall suffered forwardstrand ation together
with backwardsrotation whereasthe 8m embedment wall
tranglated forwards without significant rotation.

Generally, reasonabl e agreement was obtained between
the centrifuge model tests and the finite element analyses
with the same broad trends being apparent in each. The
applicability of variouspossiblelimit equilibrium
calculations has also been assessed. The findings of this
study will be of valuein updating BD42 (Design of
embedded retaining walls and bridge abutments) to include
advice on stahilising base retaining walls.






1 Introduction

Highway improvement schemesin urban areasare
increasingly being constructed within aretained cutting or a
shallow tunnel, thereby minimising their environmental
impact. The sidewalls of these excavations are often
constructed in situ using diaphragm or bored pilewalling. In
the permanent condition, stability and serviceability criteria
are usualy satisfied by the provision of carriageway dabs,
cut-and-cover tunnel roofs, structural floors, or ground
anchors at one or more levels. In certain circumstances,
however, these traditional forms of permanent support may
beimpracticable or uneconomic e.g. wheretheexcavationis
very wide, wherethereis no opposite retaining wall, where
there are concerns about the durability and maintenance of
ground anchors and/or where ground anchors would be
close to existing structures. In situations such as these,
stabilising base retaining walls can provide an economic and
effective means of enhancing the long term stability of an
embeddedwall.

Stabilising base retaining walls are not new, having been
used since the 1970s in grade separation schemes such as
on the A406 at Waterworks Corner and Harrow Road, and
the A40 at West End Road, Perivale Lane, Swakeleys Road
and Long Lane. The stabilising base principle relies on the
bearing pressure on the underside of a slab attached rigidly
tothefront of thewall at formation level imparting a
restoring moment to the retaining wall and increasing
passive resistance.

There is no guidance on the effectiveness of stabilising
base retaining walls in current design methods such as
CIRIA Report 104 (Padfield & Mair, 1984) and BS8002 (BSI,
1994). Fieldinvestigationsand finite el ement back-
analyses, however, have been carried out to assess the
long term performance of this method of construction
(Carder etal, 1999; Powrie& Chandler, 1998).

In the research described in this report, the effectiveness
of stabilising base retaining walls has been investigated by
means of aseries of parametric centrifuge model tests and
complementary finite element analyses. The applicability of
various possiblelimit-equilibrium cal culationshas al so
been assessed.

2 Centrifuge model tests

2.1Model geometry

The 1:94 scale models used to investigate the effectiveness
of stabilising base retaining wallswere made from blocks of
soil of dimensions20cm x 55¢cm on planx 28.5cm deep
(Figure2.1).

Common retained heights of 8.5cm and stabilising base
projectionsfromthewall of 4.25¢cm, correspondingto 8m
and 4m respectively at prototype scale, were adopted in all
of thetests. This gave aratio of stabilising base projection
to retained height of 0.5 which is consistent with the
recommended optimum val ue suggested by Powrie &
Chandler (1998). Theright hand side of the model
represented the centreline of awide excavation and
thereforealine of symmetry, at adistance of 28.7m at

prototype scale from the centreline of the wall. The length
of the model perpendicular to the plane of cross section
was 20cm, corresponding to 18.8m at prototype scale.

Each model wall and stabilising base assembly wascast in
onepieceinauminiumalloy LM25 TF by Wessex Casting
TechniquesLimited. Casting tolerancesof £ 0.5mmrequired
that the material was then machined to the desired uniform
thickness of 7.3mm throughout. Each side of thewall and
stabilising base was coated with a machined-uniform layer
of epoxy resin (Araldite 2003), giving overall wall and slab
thicknesses of 10mm. The epoxy resin provided protection
to the strain gauges and the associated wiring. The
compositeflexura rigidity (El) of both thewall and theslab
corresponded to 1.95x10° kNm?/m at prototype scale, based
ONE,  .im= T2KN/mm?andE__ . = 2kN/mm?.

Four parametric centrifuge model testswere carried out,
inwhich the soil type and the depth of wall embedment
werevaried. Depthsof wall embedment of 4.25cm and
8.5cm, corresponding to 4m and 8m respectively at
prototype scale, wereinvestigated in both 52/100 Leighton
Buzzard Sand and overconsolidated speswhite kaolin clay.
A summary of eachtestisgivenin Table2.1.

Table2.1Detailsof centrifugetestsundertaken

Test reference  Description

TRL 1 Overconsolidated speswhite kaolin clay;
8m wall embedment;

Excavation time = 3.7 days.

TRL 2 Normally consolidated 52/100 Leighton Buzzard Sand;
8m wall embedment;

Excavation time = 3.2 days.

TRL 3 Normally consolidated 52/100 Leighton Buzzard Sand;
4m wall embedment;

Excavation time = 4.4 days.

TRL 4 Overconsolidated speswhite kaolin clay;
4m wall embedment;

Excavation time = 2.9 days.

Conditions of plane strain were assumed throughout.
Excavation inthe model was simulated with the stabilising
base already in place, and no attempt was made to support
the model wall by berms or temporary props during this
process. In addition, simulation of the construction of a
carriageway at formation level, whichwouldresultina
surcharge being applied to the soil in front of awall, was
beyond the scope of the project. Although these
limitations mean that movementsduring excavation may
not correspond quantitatively to those that would be
observed in the field, it is considered that the effect on the
overall mechanism of displacement and/or failureinthe
longtermwouldbeminimal.

2.2 Sampleprepar ation

2.2.1 Speswhite kaolin clay

The overconsolidated kaolin samples were prepared by
one-dimensional consolidation in apressfrom aslurry of
water content 100% to amaximum vertical effective stress
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Figure 2.1 Schematic cross section of cntrifuge model showing wall and stabilising base geometry



of 1250kPa, followed by swelling back to avertical effective
stress of 80kPa.

On removal from the press, the clay was cut to the
required wall/stabilising base/excavation profilewith the
aid of templates. Thealuminiumalloy model wall and
integral stabilising base was then inserted, and the clay
removed from the excavation replaced by aflexible PV C bag
containing zinc chloride solution mixed to the same mass
density as the clay. Average moisture contents following
samplepreparationin centrifugetests TRL1 and TRL4 were
38.7% and 38.8% respectively, giving amass density
(assumingfull saturation) of approximately 1800kg/m?.

2.2.2 52/100 Leighton Buzzard Sand

Preparation of the fine sand samplesinvolved raining sand
from ahopper into the strongbox. During this procedure
the strongbox was placed on its back with the model wall
and integral stabilising slab bolted to the backplate in the
correct locations. Average dry densities of 1626kg/m?® and
1635kg/méwereobtainedin TestsTRL2and TRL3
respectively.

After placement of the sand, the strongbox was rotated
back to its correct orientation. The required excavation
profile was then achieved by attaching a specially
developed component to a vacuum cleaner and suspending
it from the top of the strongbox. This ensured minimal
sample disturbance. The model wall and integral stabilising
dlab was then unbolted from the backplate and the
excavated sand replaced by aflexible PV C bag containing
zinc chloride solution mixed to the same mass density as
the saturated sand (2012kg/md).

2.3Mode€ instrumentation

Following sample preparation, the centrifuge model was
instrumented to measure sub-surface soil deformations, soil
surface settlements on the retained side, lateral
displacements at the wall crest, pore water pressuresin the
soil and bending momentsin thewall and integral
stabilising slab. Model instrumentation and calibration
techniques and procedures devel oped by Daly (1998) for
centrifuge model tests investigating the effectiveness of
earth berms as temporary supports for embedded retaining
wallswere adopted. A brief descriptionisgiven here.

Sub-surface soil deformations were measured using an
image processing system devel oped at City University.
Images captured during atest by aCCTV cameralocated
within awindshield encompassing the swinging platform of
the centrifuge were stored on computer and later compared
so that soil strains and overdl patterns of soil deformation
could be determined. Further details of theimage processing
system aregiven by Chen et a (1996). Image processing was
not used in the tests conducted in sand because of the poor
contrast between the reference targets and the sand.

Soil surface settlements on the retained side and lateral
displacements at the crest of the wall were monitored using
linear variable displacement transducers (Ivdt’s) having a
linear range of + 15mm. A schematic layout of thelvdt’sis
giveninFigure2.2.

Pore water pressures were measured using miniature

pore water pressure transducers; a schematic layout is
givenin Figure 2.3. Porewater pressure transducers (with
the porous stones removed) were also used to monitor the
level of zinc chloride solutionintheflexible PV C bag and
thelevel of freewater in the main excavation.

Each of the two model wallswasinstrumented with up to
seven sets of four fully active temperature compensated
strain gauges. Each integral stabilising base was
instrumented with two sets of four strain gauges of the
same type as used on the wall. The procedures adopted for
fixing, wiring and protecting the strain gaugeswere similar
to those described by Daly (1999).

Photographs of atypical fully assembled centrifuge
model are shownin Figures2.4and 2.5.

2.4 Centrifugetesting sequence

During aninitial period of reconsolidation in the centrifuge
at 949, water was fed via a standpipe to the retained
surface, the excavated surface and a drainage layer at the
base of the model. Details of the drainage arrangement are
shown schematically in Figure 2.6. The base drainage layer
was used to reduce the consolidation time for the clay
samples (compared with one way drainage to the surface)
by afactor of four. Reconsolidation was considered
complete in the clay tests when pore water pressures
corresponding to hydrostatic conditions had been
achieved and vertical settlements measured by the lvdt's
had stabilised. In general thistook approximately six hours.

In the sand tests, the drainage arrangement was changed
dlightly with a second water feed being introduced to
supply water directly to the base of the model. The sand
samples achieved equilibrium with pore water pressures
corresponding to hydrostatic conditions soon after the
centrifuge had reached 94g. A period of one hour, however,
was allowed to elapse before starting excavation to ensure
that there were no problems with the model.

Prior to excavation, apneumatic pilot valve (Vavelin
Figure 2.6) was actuated, isolating the excavation surface
and the base drain. Excavation was simulated by actuating
both Vave2 and Vave 3, draining thefreewater fromthe
excavation and the zinc chloride solution from the flexible
PV C bag. The zinc chloride solution was collected ina
series of brass catchtanks mounted on a plate positioned at
the base of the strongbox. This base plate also
incorporated the groundwater level control standpipe and
all pneumatic and solenoid valves.

Daly (1999) found that therate of simulated excavationin
the centrifuge had a significant effect on soil and wall
movementsin tests using kaolin clay. Excavation was
therefore ssimulated as rapidly as possible to ensure
undrained conditions, at rates corresponding to between
2.9and 4.4 daysat prototype scale (Table 2.1).

Following excavation, each test was continued for a
number of hoursto observe wall and soil movements, pore
water pressures and bending moments as long term
equilibrium conditionswerereached.
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Figure2.4 Typical fully assembled centrifuge model

Figure2.5Typical fully assembled centrifuge model
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2.5 Boundary stressesimposed onthemodel duringthe
reconsolidation phaseinthecentrifuge

Research into the effects of in situ retaining wall installationin
overconsolidated clay has shown that the coefficient of lateral
earth pressureis reduced from thein situ value during
diaphragmwall ingtal lation(Teddeta, 1984; Powrie, 1985;
Symons& Carder, 1993; Page, 1996; Powrie& Kantartzi, 1996).
It isalso reduced, but to alesser extent, during the installation
of bored piledwalls(Symons& Carder, 1993). No attempt was
madeto mode theinstallation of thewall in the centrifuge as
this was not economically viable and was beyond the scope
of this project. Instead, the centrifuge tests started with the
wall already in place. Thismeant that the effects of wall
installation had to be smulated in some other way.

The boundary stresses imposed by the zinc chloride
solution in the centrifuge model at the end of the
reconsolidation stage of atypical test are shownin Figure 2.7.
Asthe zinc chloride solution is liquid, the stress a any point
in the rubber bag isisotropic. Asthe dendty of the zinc
chloride solution isthe same asthat of the soil and theflexible
PV C bagisfilled to the samelevel astheretained soil surface,
it follows that the lateral stressesimposed on the front of the
wall are consistent with apre-excavetion lateral earth pressure
coefficient of unity aboveformationlevel.

In the case of the tests on wallsin sand, the imposition of
K =1limpliesaprobableincreaseinthelateral earth pressure
coefficient fromaninsituvaueK of perhaps0.4t0 0.5 (e.g.
K,=0.43assumingK =K _ =1-sing_, and@_ =35°).Although
someincreasein lateral earth pressure coefficient will occur
during diaphragm and bored pilewall installation in sands
owing to theincreasein lateral stress during concreting
(Batten, 1998), itislikely to belessthan this.

2.6 Thestiffnessof speswhitekaolin clay

Speswhite kaolin clay has been used extensively in
centrifuge model tests. Itiscommercially available and has
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arelatively high permeability for aclay. Moreover, its
stress-strain and strength characteristics have been the
subject of detailed investigation (Al-Tabaa, 1987).
However, it possesses stiffnesses and undrained shear
strengths that are significantly lower than naturally
occurring clays such as London Clay. Thisis highlighted in
Figure 2.8, in which the stiffness variation with depth for
the speswhite kaolin clay samples described in this report
is compared with the stiffness profile for London Clay that
is often assumed in design.

It is therefore reasonable to assume that the magnitudes
of soil and wall movementsin the centrifuge model tests
described in thisreport are significantly larger than would
occur in afield construction of the same geometry in
London Clay.

2.7 Centrifugemodel test results

Throughout this report, test data are given at prototype scale
in accordance with the appropriate scaling laws (Schofield,
1980). For example, measurementsof |ength and elapsedtime
have been multiplied by afactor of 94 (= n) and 94? (=r?)

respectively.

2.7.1 Speswhite kaolin clay tests (Tests TRL 1 & TRL 4)
The behaviour of two stabilising base wallsretaining 8m of
speswhite kaolin clay with anominally full height
groundwater level behind the wall and embedment depths
of 4m(Test TRL 4) and 8m (Test TRL 1) wasinvestigated.

Wall and soil movements

The movement of the crest of thewall into the excavationis
shown asafunction of timein Figure 2.9. Both wallswere
of sufficient depth to prevent a short-term undrained
collapse. Inthelong term, however, there were two distinct
modes of behaviour.
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Thewall of shallower embedment (Test TRL 4) suffered
relatively large movements on excavation. Wall and soil
movements continued after excavation with no sign of
abatement. Soil settlement profiles behind thewall at
various stages of the test are shown in Figure 2.10. The
deformations were so large that the test eventually had to
be stopped (after approximately 7 years) when the lvdt's
measuring lateral displacements at the crest of the wall
reached the end of their ranges and started to restrain the
top of thewall.

The soil andwall movementsin Test TRL 4 were
influenced by the devel opment of a series of slip surfaces
behind thewall sometime after excavation. The most
significant dlip surface devel oped approximately 6.5m
behind the wall and extended to the toe of thewall. This
can clearly be seen in the final pattern of rupture lines
illustrated in the post-flight photograph in Figure 2.11.

Thewall of 8membedment (Test TRL 1) also suffered
relatively large movements on excavation. Figure 2.9 shows
that initial wall movementswere greater than that of thewall
of 4m embedment (Test TRL 4), as does acomparison of the
soil settlements behind the wall at the end of excavation
(Figure 2.12). Thiswasdueto adifference betweenthelevels
of zincchloride solutionintheflexible PV C baginthetwo
tests, and is discussed later.

Soil settlement profiles behind thewall at various stages
of Test TRL 1 (8membedment) areshowninFigure2.13.
Figures 2.9 and 2.13 both indicate that the rates of wall and
soil movement reduced dramatically inthelong term. At the
end of thetest, corresponding to approximately 13 years at
prototype scale, the rate of increase of crest movement into
theexcavationwasapproximately 4. 5mm/year.

A comparison of the soil settlement profiles behind the
wall measured inthe two tests after approximately 7 years
(Figure2.14), i.e. corresponding totheend of Test TRL 4,
showsthat the wall of deeper embedment (Test TRL 1) also
suffered severedifferential settlementsimmediately behind
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thewall. Post-test examinations of thiswall, however,
showed no evidence of the development of rupture surfaces.
Remotefrom thewall, the settlement profilesin thetwo tests
wereidentical reflecting the effects of consolidation
following the changein the groundwater regime.

Cumulative soil deformation patterns at various stages of
TestsTRL 1and TRL 4, measured using thein-flight image
processing technique described in Section 2.4, aregivenin
Figures2.15 and 2.16 respectively. Although the extent of
the dataislimited, the soil deformation pattern during
excavation in both tests (Figures 2.15aand 2.16a) appears
to be compatible with that of arigid wall, in that the
boundaries of significant soil movement on excavation are
well defined with little or no movement outside linesdrawn
at 45° from the toe of thewall. Wall movement datain both
tests using the in-flight image processing technique were
consistent with the Ivdt data presented in Figure 2.9. The
soil deformation patternsduring Test TRL 4 (Figure 2.16)
confirm the settlement datain Figure 2.10 indicating that
thelargewall and soil movementsfollowing excavation
were predominantly dueto the dliding of atriangular block
of soil along adlip surface approximately 6.5 m behind the
wall. The soil deformation patternsduring Test TRL 1
(Figure 2.15) arealso in close agreement with the settlement
profiles measured using Ivdt’ s shownin Figure 2.13.

If - asissometimesassumed in design (BS 8002 Clause
3.2.5{BSl,1994}) - aserviceahility criterion corresponding to
alimit on wall movement of 0.5% of theretained height
(40mm inthis case) is adopted, both walls would have been
judged to have suffered aserviceability failureimmediately
following excavation. Thisis not surprising because of the
low stiffnessof thekaolin clay (Section 2.6). Inthelong term,
thewall/stabilising base arrangement of Test TRL 4 was
probably in a state of collapse.
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Pore water pressures

Pore water pressure distributions at various stages of Tests
TRL 1and TRL 4 arepresentedin Figures2.17 and 2.18
respectively. Unfortunately, afew of the pore water
pressure transducers malfunctioned during spin-up or
reconsolidation in each test: data from these transducers
are not presented. The measurements of pore water
pressure at the end of reconsolidation in each test (Figures
2.17aand 2.18a) show that the clay wasin a state of
hydrostatic equilibrium at this stage.

During excavation (Figures2.17b and 2.18b), the pore
water pressures in the soil in front of the wall beyond the
stabilising base(i.e. 6.4mand 24minfront of thewall) fell
considerably due to the remova of the overburden and
then rosein the ensuing period as long term equilibrium
conditionswere approached (Figures2.17c and 2.18c). The
responses of these transducers during excavation were
expected to be similar in each test. However, the response
appears to have been more pronounced in Test TRL 1
(Figure 2.17b). Figure 2.19 suggeststhat before excavation
commenced there was adifferencein the pressure, and
thereforethelevel, of zinc chloride solution in the bag. The
target pressure was approximately 141kPa(i.e.
8m x 17.66kN/m3). The pressure measured by the bag
transducer in Test TRL 4 was 142kPawhereasin Test TRL 1
it was 170kPa. It istherefore not surprising that the
response of the transducers to overburden removal was
more significant, and that the soil and wall movementswere
greater,inTest TRL 1.

Porewater pressuremeasurementsimmediately (2.16m)in
front of thewall on excavationin thetwo tests (Figures2.17b
and 2.18b) suggest that the effect of overburden removal
beneath the stabilising base was less than it was beyond
the base. Excavation in the model was simulated with the
stabilising base aready in place. Rotation of thewall into
the excavation probably resulted in the development of
significant bearing pressures beneath the base during
excavation, partly compensating for the effects of vertical
unloading beneath the stabilising base.

In the long term, the pore water pressures beneath the
stabilising base continued to fall until they reached their
equilibriumvalues(Figures2.17cand2.18c). Linear
regression lines through the data pointsin Figures 2.17c
and 2.18c give porewater pressuregradientsof 11.71kPa/m
depthinTest TRL 1and 11.83kPa/mdepthin Test TRL 4.

Behind the wall, pore water pressuresfell in all caseson
excavation (Figures2.17band 2.18b), with thelateral
unloading effect most pronounced closest to the wall. In
the ensuing period, the pore water pressures furthest away
fromthewall (i.e. 12.8m behind) continued tofall until they
reached their long term equilibriumvalues. Following
excavation, the porewater pressuresimmediately behind
and within the depth of the wall tended to rise to their long
term equilibrium values asthe clay in thisregion swelled
and softened (Figures2.17c and 2.18c). Linear regression
lines through the data pointsin Figures 2.17c and 2.18c
give pore water pressure gradients of 7.08kPa/mdepthin
Test TRL 1and 6.31kPa/mdepthin Test TRL 4.

Bending moments in the wall and stabilising base
Bending moments measured in the wallsin the two tests
immediately after excavation and efter 7.24 yearsare
compared in Figures 2.20 and 2.21 respectively. With the
stabilising base already in place, the restoring moment
imparted by the base as the wall rotates into the excavation
is evident in both tests. Unfortunately, measurement of the
full magnitude of the stabilising moment was not possible
because strain gauges - which were attached to both sides
of thewall - could not be located on the wall exactly at the
level of the stabilising base. The bending momentsin the
wall on either side of the stabilising base have been joined
by a straight dotted line.

Figure2.20 showsthat immediately after excavation, the
maximum measured bendingmomentin Test TRL 1wasa
factor of approximately 2.75 greater thanthat in Test TRL 4.
Bending momentsin thewall tended toincrease(i.e.
become more negative) in the long term in both tests asthe
porewater pressuresimmediately behind thewall
increased. Figure 2.21 suggests that after 7.24 years, the
maximum measured bendingmomentinTest TRL 1was
approximately 2.1 timesgreater thanthatin Test TRL 4.

Themaximum bending moment measuredinthewall at the
end of Test TRL 1, corresponding to approximately 18 yearsat
prototypescale, was-1390kNm/m at adepth of 6.75m (tension
on the excavated face of thewall istaken as positive) and the
pore water pressure gradient behind the wall was
approximately 7.1kPa/mdepth. Theimpliedhorizontal
effective stresses behind the wall corresponded to an earth
pressurecoefficient K =1.9 (assuming y=17.66kN/m?) - an
increasefrom the pre-excavation val ue of approximately unity
that was not consi stent with the sense of rotation of the wall.
Implausibly high bending momentswere dso found in Test
TRL 2inwhichthesamewall wasused (Section2.7.2).

At theend of Test TRL 4, corresponding to 7.24 years at
prototype scale, amaximum bending moment inthewall of -
650kNm/mwasmeasured at adepth of 6.75m (Figure2.21).
At the same instant, the pore water pressure gradient
behind thewall was approximately 6.3kPa/m depth. The
horizontal effective stresses behind the wall corresponded
toalateral earth pressure coefficient K = 0.56 (assuming y =
17.66kN/m?®). Assumingfull wall friction, K =0.56 equatesto
amobilised soil strength ¢ = 13° based on the tables of
active earth pressure coefficients given in Caguot and
Kerisel (1948). Asmentioned previoudly, thewall/
stabilising base arrangement of Test TRL 4 wasat or close
to a state of collapse at the end of the test, and would
therefore have been expected to be mobilising asignificant
proportion of its shear strength, i.e. ¢ O 22°. Although the
calculated earth pressure coefficient was consistent with
the sense of rotation of the wall, the measured bending
momentsin thewall were, once again, greater than
expected. However, the change in the measured bending
moment inthewall at formation level (i.e. at adepth of 8m)
was consistent with that in the stabilising base (compare
Figures2.21and2.22).

Initially, the greater than expected wall bending moments
measured in the two tests were thought to have been due
toincorrect calibration of the walls. Successive calibrations
of the 8m embedment wall, however, gave average and
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LT

Pore water pressure (kPa)

300 200 100 0 100 200 300

Pore water pressure (kPa) Pore water pressure (kPa)
300 200 100 0 100 200 300 300 200 100 0 100 200 300
RETAINED SIDE EXCAVATED SIDE RETAINED SIDE EXCAVATED SIDE
Formation level @ 5
8m below OGL
______ Yy __._
Toe of wall @ 0
12m below OGL
_____ - Y -
15
20
25 25
Depth (m) Depth (m)
(a) at the end of reconsolidation (b) immediately after excavation
HYDROSTATIC
MEASURED

2.16m BEHIND WALL
12.8m BEHIND WALL
2.16m IN FRONT
6.63m IN FRONT
24m IN FRONT

tebtt

RETAINED SIDE EXCAVATED SIDE

10

15

20

25
Depth (m)

(c) at the end of the test (7.24 years)

Figure 2.18 Pore water pressure profiles at various stages of Test TRL 4



18

200

150

Test TRL 1

8m embedment
100

Test TRL 4
4m embedment

a
o

{

5 10 15 20
Time after start of excavation (days)

Pressure of zinc chloride solution (kPa)

-50
Figure 2.19 Responses of the bag transducersin Tests TRL 1 and TRL 4
Bending moment (kNm/m)
-2000 -1500 -1000 -500 0 500

~

8m embedment

Test TRL 4
4m embedment

-ve bending moment = tension on back of wall
20
Depth (m)

Figure2.20 Bending moment profilesinthewall immediately after excavation, TestsTRL 1and TRL 4



Bending moment (kNm/m)
-2000 -1500 -1000 -500 0 500

Test TRL 1
8m embedment

Test TRL 4
4m embedment

-ve bending moment = tension on back of wall

L 20
Depth (m)

Figure2.21 Bending moment profilesinthewall after 7.24 years, TestsTRL 1and TRL 4

1000 1

1 Range of possible
bending moments
{ based on wall
calibration factors
500 Bending moments
based on an
1 average of the wall
calibration factors
Range of possible
1 :| bending moments

Restoring moment imparted by
the stabilising base (kNm/m)

based on wall
calibration factors

1 2 3 4
Distance from front of the wall (m)

Figure 2.22 Bending moments measured in the stabilising base at the end of thetest, Test TRL 4 (7.24 years)



maximum discrepanciesof + 2.9% and-7.2%respectively in
thecalibration factor. Similarly, successive calibrations of
thedm embedment wall gave an averageerror of £2.5% with
amaximum error of +4.4%. An alternative cause of the
discrepancy was that the actual pore water pressures
immediately behind thewall were significantly greater than
those measured 2.16m away. Whilst the shape of the bending
moment profilesin Figure2.21 appearslogicd, it wasconcluded
that not too much reliance should be placed on their
magnitudes.

Cadlibration of the bending moment gauges on the wall
involved supporting the wall on knife edge supports and
hanging a series of known loads at designated points along
thewall (Daly, 1999). Thistechnique was not suitablefor
the bending moment gauges on the stabilising base
because of the small size of the model base. The range and
average of possible bending momentsin the stabilising
baseis therefore presented in Figure 2.22, based on the
largest, smallest and average calibration factors found
during wall calibration. Bending moments between thetwo
gauge positionsin Figure 2.22 have been connected by a
straight line, but it is recognised that the bending moment
profilewould probably be more parabolic than linear.

The estimated bearing pressures acting on the underside
of the stabilising base (assuming a rectangular stress
distribution) for the range of measured bending moments
giveninFigure2.22 areshowninTable2.2.

Table2.2 Estimated bearingpressuresontheunderside
of thestabilisingbaseat theend of thetest, Test

TRL4
Distance of Bearing pressures on u/s of base (kPa)
gauge from
face of wall Upper limit Lower limit Average
0.8m 187 132 166
2.5m 182 130 163
30

N
o

into the excavation (mm)
=
o

Lateral displacement at crest of wall

The estimated bearing pressures at the two gauge
locationsin Table 2.2 suggest that the assumption of a
rectangular stress distribution appears to be reasonable in
thiscase. Onthebasisof Equation 3.1, withg ' = 5.83kPa(i.e.
0,=17.66kN/m?x 1m; u=11.83kPaasmeasured) and

(y=17.66kN/m?; b=4mand Au=23.66kPa),

the bearing pressures (o;") given in Table 2.2 suggest a
range of mobilised soil strengthsof 24.4° < @' < 27°
assuming zero friction on the underside of the base. In
theory, there should have been a bearing capacity failure
(i.e.@>@, {22°}) but post-test inspections of the model
showed no evidence of this.

Unfortunately, no datawere forthcoming from the bending
moment gaugesin the stabilising basein Test TRL 1.

2.7.252/100 Leighton Buzzard Sand tests (Tests TRL 2
and TRL 3)

The behaviour of two stabilising base walls retaining 8m of

L eighton Buzzard Sand with embedment depths of 4m (Test

TRL 3) and 8m (Test TRL 2) wasinvestigated.

The crest movement of each wall into the excavationis
shown as afunction of timein Figure 2.23. Magnitudes of
wall movement of lessthan 25mm in both tests reflect the
significantly greater stiffness and possibly strength of the
sand compared with the speswhite kaolin clay. However,
there were problems with the post-excavation groundwater
boundary conditions in the sand tests which probably
resulted in a stiffer response than would otherwise have
been the case. These will now be discussed.

Test TRL 2
8m embedment

U s e

Test TRL 3
4m embedment

T e

Time (years)

Figure 2.23 Crest movementsinto the excavation vstime, TestsTRL 2and TRL 3
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Pore water pressures

Pore water pressure distributions at various stages of Tests
TRL 2and TRL 3areshowninFigures2.24 and 2.25
respectively. The pore water pressures at the end of the
‘beddingin’ periodin Test TRL 3 (Figure 2.25a) suggest that
the water supply, drainage arrangement and transducers
wereall functioning satisfactorily. In Test TRL 2, however,
the measured pore water pressures appear to suggest that
the model was not in astate of hydrostatic equilibrium at
theend of ‘bedding in’ (Figure 2.24a). In some casesthe
difference between the measured and theoretical pore water
pressure was in excess of 30kPa. Post-test investigations
showed that the snap-fit replacement ceramic stonesin the
transducers had in most cases become dislodged. This
probably happened during installation of the transducers
and adifferent installation procedure was therefore
adopted in Test TRL 3. Without the porous stone, the sand
wasin direct contact with the transducer diaphragm
resulting in an incorrect reading. The indicated changesin
porewater pressuresfollowing excavation were, however,
consistent with those measured by the other transducers.
Sensible measurements were therefore obtained throughout
the test when a correction was applied so that at the start
of excavation the measurements corresponded to
hydrostatic conditions.

During excavation in each test, the phreatic surface
behind thewall fell towardsthe samelevel (i.e. formation
level) as that on the excavated side. This was because the
rate of water feed provided by the hydraulic dlip ringsto
the retained surface was insufficient for the high
permeability of the sand. Although there were minor
fluctuations in the pore water pressures, each test generally
reached a state of equilibrium shortly after excavation. The
pore water pressure distributions at the end of each test
(Figures 2.24b and 2.25b) show that the phreatic surface
wasin effect at formation level.

Wall and soil movements

Figure2.23 showsthat wall movementswereat all times
larger for thewall of 8m embedment (Test TRL 2) thanfor
thedm embedment wall (Test TRL 3). Thisisconfirmed by
the normalised soil settlementsbehind thewall after 2.54
years(Figure2.26). InTest TRL 2, therates of excavation
(3.2days) infront of thewall and fall in phreatic surface
behind thewall weresimilar. In Test TRL 3, however, the
rate of excavation (4.4 days) was dlightly slower than the
rate at which the phreatic surface behind thewall fell (3.2
days), leading to smaller soil and wall movementsthanin
Test TRL 2.

Wall and soil movements in both tests stabilised shortly
after excavation as the groundwater regime reached its
equilibrium state. Maximum measured soil settlements
immediately behind the wall at the end of each test of
approximately 10mminTest TRL 3and24mminTest TRL 2
are similar to the measured crest movementsinto the
excavationof 9.2mmand24.9mmrespectively. If alimitation
onwall movement of 0.5% of theretained height (40mmin
this case) is again adopted as a serviceability criterion, the
wall/stabilising base arrangements in both tests were
sufficient to prevent aserviceability failure.

Bending moments in the wall and stabilising base

The bending moments measured in the wall in the two tests
after 2.54 years(i.e. corresponding to the end of Test TRL 3)
arecomparedinFigure2.27. Therestoring moment imparted
by the stabilising base is again evident in both cases. The
maximum bendingmomentin Test TRL 2 (8membedment)
was afactor of approximately 1.6 greater than that in Test
TRL 3(4membedment).

Themaximum bending moment measuredinthewall in
Test TRL 2was-807kNm/m (at adepth of 6.75m). Assuming
zero pore water pressures above formation level and that
the density of the soil remained unchanged (i.e.

y = 19.7kKN/m3), the lateral stresses acting on the back of the
wall correspond to an earth pressure coefficient K = 0.8. The
maximum bending moment measuredinthewall in Test TRL
3was-504kNm/m. Making similar assumptions, thisgives
an earth pressure coefficient K = 0.5. Tables of active earth
pressure coefficients given by Caquot and Kerisel (1948)
suggest amobilised soil friction anglein Test TRL 3 of

@ =19° assuming zerowall frictionand ¢' = 16° assuming
full wall friction. In Test TRL 2 an earth pressure coefficient
K = 0.8 corresponds to amobilised soil friction angle of

¢ =6.5° assuming zerowall friction.

The bending moment data of Test TRL3 areplausible
bearingin mindtherel atively small wall movements. The
bending moment dataof Test TRL 2 (8m embedment),
however, are not consistent with those of Test TRL 3 (4m
embedment) becausethewall movementswere significantly
greater in thistest and the soil would therefore be expected
to have mobilised more of its shear strength. Whilst the
validity of themaximum measured bending momentinthe
8m embedment wall (Test TRL 1) isopento question, the
changein measured bending moment inthe wall at
formation level and the measured bending moment in the
stabilising base were once again broadly consistent
(compareFigures2.27 and 2.28).

The bending moments measured in the stabilising base
at theend of Tests TRL 2 and TRL 3 are shown in Figures
2.28 and 2.29 respectively. A range of possible bending
momentsisgiven, asdescribed in Section 2.7.1. The
estimated bearing pressures on the underside of the
stabilising base (assuming a rectangular stress distribution)
for the range of bending momentsgivenin Figures2.28
(Test TRL 2) and 2.29 (Test TRL 3) areshownin Tables2.3
and 2.4 respectively.

The results presented in Tables 2.3 and 2.4 suggest that
the assumption of a rectangular stress distribution is
again not unreasonable. On the basis of Equation 3.1, with
0,'=9.89kPa(i.e.d,=19.7kN/m?x 1m; u=9.81kPaas
measured) and

(y=19.7kN/m?; b=4m and Au = 19.62kPa), thebearing
pressures (o;") givenin Table 2.3 suggest arange of
mobilised soil strengthsin Test TRL 2 (8m embedment) of
23.3° <@ < 29.7° assuming zero friction on the underside of
thebase. It isunlikely, however, that the upper limit
represents a realistic estimate because it is based on the
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Figure 2.24a Pore water pressure profiles at the end of the bedding in period, Test TRL3
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Figure2.24b Pore water pressure profilesat theend of Test TRL 3 (2.54 years)
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Figure 2.25a Uncorrected pore water pressure profiles at the end of the bedding in period, Test TRL 2
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Figur e 2.29 Bending moments measured in the stabilising base at the end of Test TRL 3 (2.54 years)

Table2.3 Estimated bearingpressuresontheunderside Table2.4 Estimated bearingpressuresontheunderside
of thestabilisngbaseat theendof Test TRL 2 of thestabilisingbaseat theend of Test TRL 3
(8membedment) (4membedment)

Distance of Bearing pressures on u/s of base (kPa) Distance of Bearing pressures on u/s of base (kPa)

gauge from gauge from

face of wall Upper limit Lower limit Average face of wall Upper limit Lower limit Average

0.8m 385 188 228 0.8m 167 119 148

2.5m 466 228 276 2.5m 197 140 175
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calibration characteristics of asingle strain gauge which
weresignificantly greater than the average. Thelower limit
probably represents a better estimate.

Adopting asimilar approach, the estimated bearing
pressuresin Table 2.4 suggest arange of mobilised soil
strengthsin Test TRL 3 (4m embedment) of 20° < ¢ < 23.6°
again assuming there is zero friction on the underside of
the base.

The results suggest that a bearing capacity failure would not
have been expectedineither of thetests(i.e. ¢ <@, {35°}).
Post-test inspections of the model confirmed that this was
indeed the case.

3 Limit-equilibrium analyses

3.1Bearingcapacity of astabilisingbase

The stabilising base principle relies on the bearing pressure
(0,) onthe underside of aslab attached rigidly to the front of
thewall imparting arestoring moment totheretainingwall. In
addition, shear stresses (1) may act at the soil/base interface.
The combined effect of the two stresseswill give aresultant
stressat an angled, tothevertical (where0< 8, <@). The
stresses acting on the underside of a stabilising base are
showninFigure3.1.

The bearing capacity (o,') of afoundation founded in
apurely frictional soil obeying thefailure criterion
(t/0") . = tan @' isoften estimated using Equation 3.1
(e.g. Powrie, 1997)

(3.1)

where g isthe vertical effective stressin the adjacent soil
at the underside of the founding plane, b is the width of the
foundation and Au is the difference in the pore water
pressure between the founding plane and a depth 0.5b
below it. The enhancement factors S, and dq are applied to

S S

the bearing capacity factor N, to account for the shape and
depth of the foundation. The bearing capacity factor N, for
inclined loads on shallow foundations can be calcul ated,
for example, fromthefollowing expression (Powrie, 1997).

(3.2)

where

The relationship between bearing capacity factor, N
and soil friction angle, @, for various angles of 1oad
inclination d,, isshown graphically inFigureAlin
Appendix A. Numerical valuesfor ¢ =22° and ¢ =35° are
giveninTable3.1.

Table3.1 Bearingcapacityfactorqufor inclined loadsof
6,/¢ =1.0and § /@ =OaccordingtoEquation 3.2

Bearing capacity factor, N,

Soil friction Base friction Base friction
¢ (degrees) 6/¢ =10 o/ =0
22 222 7.82

35 3.08 33.30

The bearing capacity is further enhanced by the second
term on theright hand side of Equation 3.1, which takes
account of theincreasein vertical effective stresswith
depth below the founding plane. Thisis discussed in more
detail by Powrie (1997). Numerical valuesof S; dq, N, s, and
dV aregiven by Meyerhof (1963) and Brinch Hansen (1970).
In this report, the enhancement factors suggested by
Meyerhof (1963) have been adopted (Table 3.2).

Reactive resultant
stresses

— —

h
:][ Op
Y
VA A———— FT{TIT- A
Effective overburden, 0(‘)
Shear stress, T
Bearing pressure, ' d

f

Figure 3.1 Stresses acting on the underside of a stabilising base
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Table3.2 Bearingcapacity enhancement factor safter

M eyer hof (1963)
Parameter Value
Shape factor, s, 1+01K (blL)
Depth factor, d, 1+01 (db) (K)*®
N, (N, - 1) tan (L4g)
Shape factor, s, (for NV) =s,
Depth factor, d, (for N) =d

r, for b > 2m (Bowles, 1988) 1 -q0.25 log,, (b/2)

Expressions apply for ¢ > 10° K = (1 + sin ¢)/(1 - sin ¢ );
Foundation breadth b, length L and depth d.

Onthebasis of Equations 3.1 and 3.2, the range of bearing
capacitiesa,' (normal component) for 0< §, <@ foran
infinitely long foundation of 1m depth and 4m breadthina
soil of unitweight 17.5kN/m3andfrictionangleq =22°,
would be between 278.4kPaand 64.7kPaassuming that the
groundwater level is coincident with the underside of the
foundation (i.e. at adepth of 1m below the soil surface). This
difference between §, = 0 and d, = ¢ becomeseven more
pronounced at higher values of . A groundwater leve at the
excavated soil surface significantly reduces the range of
bearing capacitiesto between 122.4kPaand 28.4kPa
(assuming hydrostatic conditions).

Shear stresses on the underside of a stabilising base, the
groundwater conditions and the increase in vertical
effective stress below the founding plane may all have a
significant influence in the design of a stabilising base
retainingwall.

3.2 Conditionsinvestigatedinthelimit-equilibriumanalyses

The conditions investigated in the analyses are indicated in
Figure3.2.

The analyses involved the determination of the depth of
embedment at limiting equilibrium based on the actual

retained height with no allowance being made for
overexcavation in front of thewall, surchargeloading
behind thewall or reduced soil-wall friction.

3.3 Possible collapselimit statesfor astabilising base
retainingwall.

Four possible collapse limit states for a stabilising base
retainingwall areillustratedin Figure 3.3. Thelimiting
stress distributions consistent with each mode of collapse
are also shown.

3.3.1 Failure mechanisms and stress distributions based
on Schemes1 and 2

The collapse mechanismsfor Schemes 1 and 2 are anal ogous
tothosefor awall with arigid prop at formation level. The
limiting equilibriumof embeddedretainingwallsrigidly
propped at formation level (without stabilising bases) has
been investigated previoudly by Powrieand Li (1991).

The Scheme 1 approach assumes rigid body rotation
about the prop, with the wall above the prop moving into
the excavation. Behind the wall, active conditions are
assumed above formation level. At formation level thereis
atransition from active to passive conditions, with passive
conditions then being taken to apply down to the toe of the
wall. Infront of thewall active conditions are assumed
below formationlevel. Powrieand Li (1991), however,
question the applicability of stress distributions based
purely on rotational deformations since excavation in front
of anin situ embedded retaining wall in overconsolidated
clay islikely to bring the soil remaining bel ow formation
level towards passivefailure. Also, itislikely that there will
be a degree of forward movement at the position of the
prop, particularly in the case of astabilising base wall, as
discussed |ater.

The Scheme 2 approach again assumes rigid body
rotation about the prop but with the wall above the prop

Estimated actual condition

Figure3.2 Conditionsexaminedinlimit-equilibriumanalyses
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moving backwardsinto the retained soil. Behind thewall,
passive conditions are assumed above formation level with
atransition at formation level to active conditions, which
are then assumed to apply down to the toe of thewall. In
front of the wall, passive conditions are assumed below
formationlevel.

The solution in both of these cases involves first
determining the depth of embedment required to maintain
moment equilibrium about the (assumed rigid) prop. The
prop force can then be calculated from the condition of
horizontal forceequilibrium.

Theanalyses carried out by Powrieand Li (1991) assumed
aretained height of 10mand asoil of unitweight y/y, = 1.7.
Theresults of similar analyses assuming asmooth wall
retaining 8m of soil of unit weight 17.5kN/m?and afull height
groundwater level behind the wall with steady state seepage
pore water pressures modelled as suggested by Symons
(1983) arepresented in Figure A2 in Appendix A. Theresults
suggest that for ¢= @, = 22°, adepth of embedment of 2.38m
isrequired to prevent failure of thewall by forward rotation
with acoefficient of lateral earth pressureK =K in front of
thewall below formation level. Theprop forcein thiscaseis
1017kN/m. Further analyseswerethen carried out inwhich
the effect of an increased coefficient of lateral earth pressure
in front of the wall was investigated. These suggested that a
dlightly increased depth of embedment of 2.4m and areduced
prop forceof 1014kN/mwould berequired to prevent failure
of thewall by forward rotation withK = K, infront of thewall
due to the unloading effect of excavation.

In the case of a stabilising base retaining wall, the large
prop forcescal culated fromhorizontal forceequilibrium
when failure is assumed to occur by rotation about the
prop cannot be provided by the shear at the underside of
the base and the end bearing of the base against the soil.
Schemes 1 and 2 aretherefore unlikely to represent realistic
failure mechanisms and any design based on these
approaches could be unsafe, particularly if horizontal force
equilibriumisnot checked.

3.3.2 Failure mechanisms and stress distributions based
on Scheme 3
The collapse mechanism for Scheme 3 is analogous to that
for amassgravity wall or acantilever L-wall. Thewall and
the soil below the stabilising base and above the toe of the
wall areassumed to act asarigid block. Collapsewill occur
whenthereislimiting equilibriumwith active conditions
behind the block, passive conditionsin front of the block
and such bearing pressures as are required to maintain
equilibrium on the underside of the block. The proportions of
the block must be arranged such that, for a given mobilised
or ultimate angle of shearing resistance ¢, thereis globa
equilibrium of the forces acting on the block.

3.3.3 Failure mechanisms and stress distributions based
on Scheme4

The collapse mechanism for Scheme 4 is analogous to that

for an unpropped cantilever wall. Rigid body rotational

failure isassumed to occur about an axislying in the plane

of thewall at some point between formation level and the

toe. The bearing pressure on the underside of the
stabilising base imparts arestoring moment to the retaining
wall and also acts as a surcharge on the soil in front of the
wall. Shear stresses on the underside of the stabilising base
may al so provide some degree of horizontal resistance. If ¢
and the soil/structure friction angles are known, the
coefficientsof lateral earth pressure (after Caquot & Kerisel,
1948), the bearing capacity factor (after Equation 3.2) and
stabilising base shear stress can be determined. The
unknown quantities are the depth of embedment d and the
distance below formation level to the point of rotation Z,
These can be determined from the conditions of horizontal
forceand moment equilibrium.

3.4 Theresultsof limit-equilibrium analysesof
stabilisingbaser etainingwallsbased on Scheme3.

The stresses acting on a stabilising base wall treated as a
soil/wall block (Scheme 3) areshowninFigure3.4. Inthe
analyses presented in this section, a rectangular base
bearing pressure distribution (consistent with a plastic
collapse analysis) has been assumed. A typical analysis
involved the following steps:

a Input data:
Mobilised angle of shearing resistance ¢
Wall friction on thevertical sidesof thewall/soil block &
Earth pressure coefficients K and K, from Caquot and
Kerisel (1948)
Base friction on the underside of the wall/soil block &,
Retained height h
Wall and stabilising base thicknessest, and t,
respectively
Unit weights of soil yand wall/stabilising basey_
Pore water pressure regime, i.e. steady state linear
seepage
Surcharge on retained side (if any)

b Unknowns

Vertica effective force on the underside of the
wall/soil block N',

Shear force on the underside of the wall/soil block T,
Depth of embedment d
Width of the stabilising base b

¢ Thefollowing quantitieswerewritten in terms of
band d (seeFigure 3.4):

Horizontal effective force on the back of thewall/soil
blOCk RIW h active

Vertical effectiveforce onthe back of thewall/soil block
le v active

Horizontal effective force on the front of the wall/soil
block R

w h passive
Vertical effectiveforceonthefront of thewall/soil block
RI

W V passive
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R'w h active

Active
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UW active

UW passive

(a) Effective stresses acting on
the wall/soil block

(b) Pore water pressures
acting on the wall/soil block

Figure 3.4 Forces acting on a stabilising base wall/soil block after Scheme 3

Pore water force on the back of the wall/soil
bl OCk Uw active

Pore water force on the front of the wall/soil
block U

W passive
Pore water force on the underside of the wall/soil
block U,

Self weight of thewall W,

Combined weight of the stabilising base and soil block
below the stabilising base W,

d Check for global equilibrium of the structure:
Using the condition of vertical force equilibrium,
calculate the vertical effective force on the underside of
thewall/soil block N',
Using the condition of horizontal forceequilibrium,
calculate the shear force on the underside of the
wall/soil block T, i.e. T =N, tand,
Check for moment equilibrium about the toe of thewall/
soil block
Adjust b and d as necessary until there is global
equilibrium of the forces acting on the structure
Finally, check that the bearing pressures on the
underside of the wall/soil block do not exceed the
bearing capacity given by Equation 3.1

A spreadsheet version of the calculation was devel oped
in order to reduce the time taken to carry out the analyses.

3.4.1 Walls retaining speswhite kaolin clay
Two series of analyses based on the estimated actual
conditions were undertaken. These assumed a prototype
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wall retaining 8m of saturated kaolin of unitweight 17.5kN/m?,
afull height groundwater level behind the wall and steady
state linear seepage conditions. The wall and stabilising base
thicknesses were taken as 1m and their density as 22kN/m?g.
Thefirst series of analyses investigated the depth of
embedment and stabilising base projection from thewall
required to prevent collapse assuming full friction on both
vertical sides of the wall/soil block and zero basefriction on
the underside of the wall/soil block. The second series of
analysesfollowed asimilar approach but full friction onthe
base of the wall/soil block was assumed. The results of the
analysesfor different mobilised anglesof soil frictionf’ are
presentedin FiguresA3 (3, /¢ =0) and A4 (3 /@ =1)in
Appendix A. Theresultsof theanaysesfor ¢ =¢ . =22° are
summarisedinTable3.3.

crit

Table3.3 Resultsof limit-equilibrium analysesusing
Scheme3assuming‘ estimated actual
conditions with @ =22°

Zero base friction §/¢ = 0 Full base friction §/¢ = 1@

Depth of Width of Depth of Width of

embedment, stabilising embedment, stabilising

d(m) base b (m) d (m) base, b (m)

kaolin clay 13.07 10.68 9.79 14.53
y=17.5kN/m? (21.07") (17.79 v

(a)In this case /¢ was restricted to 0.977 to ensure that the
bearing capacity of the soil was not exceeded;

(b)Figures in brackets represent the overall wall height (H) in
metres, (Retained height = 8.0m; Full height groundwater level;
Seady state linear seepage conditions)



Whilecarrying out theanalyseswith § /@ = 1 (FigureA4),
it became apparent that global equilibrium of theforces
acting on the wall/soil block could not be satisfied in every
case. The wall/soil base friction angle 8, had to be restricted
in some instances so that the bearing pressure on the
underside of the wall/soil block did not exceed the bearing
capacity of the soil: For example, for the case assuming
estimated actual conditionswith @' = 22° presentedin
Table 3.3, 8, hadto bereduced to 21.5°.

The results of the analyses tend to suggest that the wall/
stabilising base arrangements of centrifugetests TRL 1 (8m
embedment) and TRL 4 (4m embedment) should have
collapsed. For an embedment of 8m, abasewidth of 7.58m
would berequired and the soil would haveto mobilise @ = 30°
(FigureA3in Appendix A) for global equilibrium. Although
the analyses are all based on calculated and not measured
porewater pressures, it isunlikely that thiswould make a
very significant difference to the results.

The results of the analyses using the Scheme 3 approach
are not consistent with the findings of the centrifuge model
tests carried out in kaolin clay. In this case, a design based
on the Scheme 3 analysiswould probably be
overconservative and therefore uneconomic.

3.4.2 Wallsretaining Leighton Buzzard Sand

For completeness, curves are presented for a series of
analyses based on the estimated actual conditions for awall/
soil block retaining 8m of saturated L eighton Buzzard Sand
of unit weight 20 kN/m2. Analyses assumed afull height
groundwater level behind the wall and steady state linear
seepage conditions. The results of the analyses for different
mobilised anglesof soil friction @ arepresentedin Figure A5
(8,/9 =0) andFigure A6 (3 /¢ = 1). A summary of theresults
forg=¢_,=35isgiveninTable3.4.

Table3.4 Resultsof limit-equilibrium analysesusing
Scheme3 assuming‘ estimated actual
conditions with ¢ =35°

Zero base friction §/¢ = 0 Full base friction §/¢ = 1@

Depth of Width of Depth of Width of

embedment, stabilising  embedment, stabilising

d (m) base, b (m) d (m) base, b (m)

L.B. Sand 4.69 4.25 2,97 5.9
y=20kN/m* (12.69*) (10.97*)

* Figures in brackets represent the overall wall height (H) in metres.
(Retained height = 8.0m; Full height groundwater level; Seady
state linear seepage conditions)

The analyses suggest that at limiting equilibrium with
@_,=35°, thestabilising base projectionfromthewall of 4m
inTestsTRL 2 (8membedmentwall) and TRL 3(4m
embedment wall) would beinsufficient to prevent collapse.
However, an assessment of the stability of the stabilising
basewallsin centrifugetests TRL 2 and TRL 4 based on a
full height groundwater level behind thewall is
conservative because the actual groundwater conditionsin
the centrifuge tests corresponded to a phreatic surface at
formationlevel.

The Scheme 3 approach of designing for astabilising
base retaining wall also restricts the freedom of the
designer inthat it gives a paired value of embedment depth
d and stabilising base projection from thewall b.

3.5 Theresultsof limit-equilibrium analysesof
stabilisingbaser etainingwallsbased on Scheme4.

Thelimiting horizontal effective stressand porewater
pressure distributions acting on the stabilising base wall using
the Scheme 4 approach are shown in Figures 3.5aand 3.5b
respectively. Infront of thewall, the horizontal effective stress
distributions were taken from the underside of the stabilising
base and the phreatic surface was assumed to be at formation
level. The horizontal resistance provided by the stabilising
base itself was ignored as this was not expected to contribute
greetly tothe stability of thewall (Chandler, 1995).

A rectangular bearing pressure distribution (consistent
with a plastic collapse analysis) beneath the stabilising
base was assumed in all of the analyses. If the soil behaved
asalinear elastic medium, rigid body rotation of thewall
would be expected to result in atrapezoidal pressure
distribution on the underside of the stabilising base. The
contact stress would increase with vertical displacement
towards the free end of the stabilising base. In redlity,
however, the soil stiffnesswill tend to reduce the
increasing strain and the stabilising base will bend to make
the contact stress below the base more uniform. A typical
analysisinvolved the following steps:

a Input data:
Mobilised angle of shearing resistance ¢
Wall friction &
Earth pressure coefficients K and K_ from Caquot and
Kerisel (1948)
Base friction on the underside of the stabilising base 8,
Retained height h
Width of the stabilising base b
Unit density of soil y
Pore water pressure regime, i.e. steady statelinear
seepage
Surcharge on the retained side (if any)

bUnknowns:
Depth of embedment d
Depth below formation level to the pivot point Z,

¢ Thefollowing quantities were calculated in terms of
d and/or Z, (seeFigure 3.5):

Pore water pressuresin front of and behind the wall for
steady state linear seepage

Bearing pressures on the underside of the stabilising
baseo, from Equation 3.1

Restoring moment M due to bearing pressure on the
underside of the stabilising base, i.e. M =g, b?/ 2

Shear force on the underside of the stabilising base
T,=1b=(0,tand,) xb
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Figure 3.5 Forces acting on a stabilising base retaining wall after Scheme 4

Horizontal effective stresses due to soil self weight in
front of and behind thewall

Horizontal effective stresses due to surcharge behind
thewall (if any)

Horizontal effective stressesin front of thewall dueto
surcharge arising from the bearing pressure on the
underside of the stabilising base

d Conditionsof horizontal force and moment equilibrium:

Adjust Z_and d until thereis horizontal force
equilibrium on both sides of thewall and moment
equilibrium about the top of thewall

A spreadsheet version of the calculation was devel oped
in order to reduce the time taken to carry out the analyses.

An investigation into the stress fields that can be
developed below a stabilising base suggests that it may
not be theoretically possible to develop full wall frictionin
front of the wall and zero base friction on the underside of
the base, owing to alack of spaceto achieve the required
rotation in the principal stress directions. This means that
the approach using Caguot and Kerisel’s (1948) earth
pressure coefficients lacks rigour, and may err on the
unsafe side.

3.5.1 Stabilising base walls retaining speswhite kaolin clay
Two series of anadyses based on the estimated actual
conditions were undertaken. These assumed a prototype wall
retaining 8m of saturated kaolinof unitweight 17.66kN/m?, a
stabilising base projection from thewall of 4m, afull height
groundwater level behind thewall and steady state linear
seepage conditions. The first series of anadyses investigated
the depth of embedment required to prevent collapse
assuming zero wall friction on both sides of thewall and
varying angles of inclined stress on the stabilising base. The
bearing pressure on the underside of the stabilising base was
estimated on the basis of Equation 3.1. The second series of
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andysesfollowed asimilar gpproach but assumed full wall
friction (with earth pressure coefficientstaken from Caguot &
Kerisd, 1948) on both sidesof thewall. Theresultsof thetwo
andysesfor different mobilised anglesof sail frictionf’ are
presented in Figures A7 and A8in Appendix A, and the results
of theanalysesfor ¢ =@, =22° aesummarisedin Table 3.5.
Table3.5 Resultsof limit-equilibriumanalysesusing
Scheme4 assuming‘estimated actual
conditions with ¢ =22°

Zero wall friction Full wall friction

Base Base Base Base
friction friction friction friction
/¢ =10 §/¢=0 6/¢ =10 §/¢g=0

19.60m 8.59m
(27.60m*) (16.59m*)

Depth of 28.84m 12.27m
embedment, d (36.84m*) (20.27m*)

* Figures in brackets represent the overall wall height, H.
(Retained height = 8.0m; Stabilising base width = 4m; Full
height groundwater level;

Seady state linear seepage conditions;

Bearing pressure on the w/s of stabilising base determined in
accordance with Equation 3.1)

Incentrifugemodel Test TRL 4, thewall of 4m embedment
suffered large movementswhich culminated in aseries of
rupture surfaces being devel oped behind the wall (Section
2.7.1). Thiswall wasclearly in astate of collapse: theresults
of theanalysesin Table 3.5 all suggest that for awall of 4m
embedment thisis certainly to be expected.

Incentrifuge Test TRL 1, thewall of 8m embedment
suffered large movements but was not in a state of outright
collapse (Section 2.7.1). Shear box tests undertaken by
Powrie (1986) suggested that the ultimate angle of friction
betweenresin and kaolinwasapproximately 6= . =22°.

crit

Bearing in mind the large rel ative movements of the soil



against the wall in the centrifuge model tests, itis
reasonableto assumethat full wall friction was mobilised
everywherewith d=¢_,..

The results of the analyses in Table 3.5 suggest that the
wall of 8m embedment (TRL 1) would also bein astate of
collapse, but only just so if full wall friction isassumed to
be mobilised on both sides of the wall with zero friction on
the underside of the stabilising base and bearing pressures
on the underside of the stabilising base calculated in
accordance with Equation 3.1. Inthiscase, Figure A8in
Appendix A suggeststhat for awall of 8m embedment,
@, = 22.5° would be needed to be mobilised everywhere
for thewall to bein equilibrium. Thisisequivalenttoa
mobilisationfactor M =0.98 (assuming @, =@, =22°).

An assessment of the stability of the stabilising base
retaining wallsin centrifuge TestsTRL 1 and TRL 4 based on
calculated pore water pressure distributionsis
overconservative. Also, thelong term wall movementsin
TestsTRL 1and TRL 4 weresufficiently largetowarrant a
back-analysis based on the deformed geometry. Further
analyses were therefore undertaken to assess more
accurately the stability of the two walls. Once again, the
same sail friction angle was assumed to be uniformly
mobilised on both sides of the wall and below the stabilising
base and the bearing pressure on the underside of the
stabilising base was cal culated in accordance with Equation
3.1. Detailsof the altered geometries and measured pore
water pressures adopted in the analyses are given in Table
3.6 and the results of the analyses are presented in Table 3.7.

Table3.6 Deformed geometriesand measur ed por ewater
pressur edistributionsassumed intheback-
analysisof centrifugeTestsTRL1and TRL4

Measured pore
water pressure at
toe of the wall, (kPa)

Deformed
geometry (m)

Retained Embedment Behind In front

height, h  depth, d the wall of the wall
Test TRL 1 7.7 8 113.28 93.68
Test TRL 4 7.5 4 75.72 47.32

The results indicate that the wall/stabilising base in Test
TRL 4 wasin astate of collapse with amobilisation factor
M =0.91 (assuming ONRESOE 22°) and that thewall/
stabilising basein Test TRL 1 wascloseto limiting
equilibriumwith amobilisationfactor M = 1.05.

3.5.2 Stabilising base walls retaining Leighton Buzzard
Sand

The stahility of the stabilising base wallsretaining

L eighton Buzzard Sand (i.e. centrifuge Tests TRL 2 and

TRL 3) was assessed on the basis of measured pore water

pressure distributions on thewall. Thelong term wall

movementsin both testswere sufficiently small for back-

analysis using the original geometry. Hydrostatic

conditions were assumed below a depth of 8m on both

sidesof thewall in accordance with Figures 2.23 and 2.24.
Unfortunately, dataregarding the angle of friction

Table3.7 Resultsof theback analysesof centrifuge Tests
TRL 1and TRL 4usingtheScheme4approach

Mobilised shear Pivot depth

strength, below formation
@, (degrees) level, Z, (m)
Test TRL 1 (8m embedment) 21 6.69
Test TRL 4 (4m embedment) 239 3.16

(Unit weight y = 17.66kN/m?; Full height groundwater level;

Stabilising base width = 4m; Full wall friction on both sides of wall
after Caquot & Kerisel, 1948; Zero friction on the underside of
stabilising base;

Bearing pressure on the u/s of stabilising base determined in
accordance with Equation 3.1).

between resin and 52/100 L eighton Buzzard Sand were not
available. Analyseswerethereforecarried out for 8/¢p,_ =0
and d/¢@_, = 1. Theresults of the analyses assuming zero
base friction and bearing pressures on the underside of the
stabilising base calculated in accordance with Equation 3.1

aregiveninTable3.8.

Table3.8 Theresultsof theback-analysesof centrifuge
TestsTRL 2and TRL 3usingthe Scheme4

approach

Wall friction Wall friction

d¢,,=0 g, =1
Pivot Pivot
(/. depth B depth
(degrees) Z (m) (degrees) Z, (m)
Test TRL 2 20 6.78 17.9 6.96

(8m embedment)

Test TRL 3 22 3.36 20.1 341

(4m embedment)

(Unit weight y = 19.7kN/m?; Retained height = 8m; Groundwater
level at 8m below OGL;

Stabilising base width = 4m; Wall friction on both sides of wall after
Caquot & Kerisel, 1948;

Zero friction on the underside of stabilising base;

Bearing pressure on the u/s of the stabilising base determined in
accordance with Equation 3.1).

The results suggest that both the 8m (Test TRL 2) and 4m
embedment (Test TRL 3) wallswereremotefrom collapse
with mobilisation factorscorrespondingtoM =1.92 and 1.73
respectively for 8/¢, , =0andM =2.17 and 1.91 respectively
ford/g  =1(assuming @ s~ Poic™ 35°).
3.6 Theresultsof limit-equilibrium analysesof free

cantilever walls

For comparative purposes, a series of anayseswas carried
out to investigate the depth of embedment at collapse of free
cantilever walls retaining saturated kaolin clay and saturated
Leighton Buzzard sand. The results of the analyses based on
the *estimated actual condition’ described in Section 3.2,
with aretained height of 8m, are presented in Figures A9
(kaolinclay) and A10 (L eighton Buzzard Sand) in Appendix A:
asummary isgivenin Table3.9.
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Table3.9 Theresultsof limit-equilibrium analysesfor a
freecantilever wall assuming‘estimated actual
conditions (FOS=1,i.e.atlimiting
equilibrium)

Estimated actual condition

Zero wall friction Full wall friction

Depth of embedment
Speswhite kaolin clay

@ = 22°, y = 17.5kN/m* 32.52m 22.02m
(40.52m*) (30.02m*)

Depth of embedment

Leighton Buzzard Sand

@ = 35° y = 19.7kN/m* 15.33m 8.79m
(23.33m*) (16.79m*)

* Figures in brackets represent the overall wall height, H. (Retained
height = 8.0m; Full height groundwater level; Seady state linear
seepage conditions)

The analyses show that an unpropped cantilever wall
without a stabilising base requires asignificantly deeper
embedment to prevent collapse than a stabilising base
retaining wall. For the unpropped cantilever wallsretaining
speswhite kaolin clay, large depths of embedment arerequired
to prevent collapse. Thisis consistent with the results of
centrifugemodd testscarried out by Powrie (1986).

3.7 Asummary of theresultsof thelimit-equilibrium
analyses

Analyses in which the stabilising base is assumed to act as

arigid prop (i.e. Schemes 1 and 2) may be unsafe becauseiit

isunlikely that the base will be sufficiently rigid to act as

the point of rotation: the end of the stabilising base reacts

against soil and not another wall.

Analyses in which the stabilising base wall is assumed
toact asagravity wall (i.e. Scheme 3) may be
overconservative - in particular for thewallsretaining
speswhite kaolin clay - and are probably not representative
of the actual stresses acting on the structure.

The results of the centrifuge mode tests presented in this
report would tend to suggest that the method of analysis
described by Scheme 4 isthe most appropriate. Reasonably
close agreement was apparent between the centrifuge model
testscarried out in speswhite kaolin clay and limit-equilibrium
anaysesinwhich therewasfull wall friction on both sides of
thewall, zero base friction on the underside of the stabilising
base and bearing pressures on the underside of the stabilising
base cal culated in accordance with Equation 3.1. In these
analyses the same sail friction angle was assumed to be
uniformly mobilised everywhere around the structure.

However, an investigation into the stress fields that can
be developed below a stabilising base suggests that it may
not be theoretically possibleto develop full wall frictionin
front of the wall and zero base friction on the underside of
the base, owing to alack of space to achieve the required
rotation in the principal stress directions. This means that
the approach using Caguot and Kerisel’ s (1948) earth
pressure coefficients lacks rigour, and may be unduly
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optimistic. The effectiveness of stabilising base retaining
wallswas therefore investigated further by means of a
series of finite element analyses.

4 Finite element analyses

4.1 Scopeand description

The effectiveness of stabilising base retaining walls has
been further investigated by means of a series of finite
element analyses. The analyses were carried out using the
program SAGE CRI SP, whichfeaturesfully coupled
consolidation. The analyses replicated as closely as
possible the geometry, boundary conditions and
sequences of construction imposed in the centrifuge model
tests described in Section 2. Previous analyses of the
actual centrifuge procedure (White, 1987; Boltonet a,
1989) have shown that the modelling procedureis
reasonably realistic. Analyses weretherefore carried out for
an idealised 94g centrifuge model at prototype scale.
Figure4.1 showsatypical two-dimensiond finiteelement
mesh which consistsof 437 linear strain quadrilateral finite
elements. The vertical boundaries of the mesh werepinnedin
the horizontal direction but freeto moveverticaly, and the
horizontal boundary at the base of the mesh was assumed to
be pinned in both the vertical and horizontal directions.
Conditions of plane strain were assumed throughout.
Thewall and stabilising base were modelled asalm
thick, non-consolidating, linear elastic material witha
Y oung’ sModulus (E) of 23.4MPa, giving aflexural rigidity
similartothecentrifugemodel walls(El=1.95x10°kNm?/m).
Poisson’ sratio (v) wastaken as0.15.

4.2 Soil parameters

Speswhite kaolin clay tests- Tests TRL 1 and TRL 4

In the back-analyses of the centrifuge model testson
stabilising baseretainingwallsinkaolinclay (i.e. TestsTRL1
and TRL 4), the soil was represented using consolidating
elementsand amodel proposed by Schofield (1980). The
Schofield modd incorporatesthe Cam clay yield surface on
the wet side of the critical state and the Hvordev surface and a
no-tension cut off onthe dry side (Figure 4.2).

Both centrifuge tests were back-analysed with two
different sets of soil parameters. Thefirst analysis (Case 1)
used soil parameters suggested by Richards (1995), who
back-analysed a series of centrifuge model tests on multi-
propped embedded retaining walls. The vertical and
horizontal permeabilitiesof kaolinweretakenas0.66x10°m/s
and 1.8x10°m/s respectively, and the Hvorslev slope H as
0.64. The second analysis (Case 2) used parameterssimilar
to those used by Li (1990) who back-analysed a series of
centrifuge model tests carried out by Powrie (1986) on
singly-propped embedded retaining walls. In this case, the
vertical and horizontal permeabilitieswere4.68x10°m/sand
6x10°m/s respectively and the slope of the Hvorslev
surface was taken as 0.59. The permeabilitiesused in the
two analyses are within the range quoted by Al-Tabaa
(1987). Detailsof the soil parametersaregivenin Table4.1.
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Table4.1Detailsof speswhitekaolin clay critical statesoil parameter sused in finiteelement analyses

Soil parameter Value

Common parameters

Slope of 1-dimensional compression line in v-In p' space A =0.25

Slope of unload/reload line in v-In p' space k = 0.05

Specific volume (and void ratio) on critical state line at p'=1 kpa in v-In p' space I =348 (g, = 249)
Slope of critica state line in g:p' space M = 0.65

Poisson’s ratio v =0.33

Bulk unit weight of soil y = 17.35kN/m®
Slope of no-tension cut-off in g:p' space S=2

Permeability in vertical and horizontal direction for tensile fracture region K, = 107m/s

Case 1 analysis (In addition to common parameters)
Slope of Hvordev surface in g:p' space

Permeability in the vertical direction

Permeability in the horizontal direction

Case 2 analysis (In addition to common parameters)
Slope of Hvorslev surface in g:p' space

Permeability in the vertical direction

Permeability in the horizontal direction

H = 0.64
ky = 0.66x10° m/s
k, = 1.8x10°m/s

H = 0.59
k, = 4.68x10° m/s
k = 6x10°m/s
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Thesizeof theinitial yield surfaceis determined by the
valueof p'. inFigure4.2. Fromthe Cam clay yield surface
equationwithg',  of 1250kPaandK _of 0.625,p' isequal
t02021.7kPa.

Leighton Buzzard Sand tests- TestsTRL 2and TRL 3
In the back-analyses of the centrifuge model tests on
stabilising baseretaining wallsin sand (i.e. Tests TRL2 and
TRL 3), the soil was represented using consolidating
elements and an el astic-perfectly plastic model with a
Mohr-Coulomb failure envel ope having acritical state
angleof shearing resistance ¢, = 35° (Stroud, 1971).
AccordingtoBritish StandardBS1377 Part 2(BSI, 1991),
52/100 L eighton Buzzard Sand may be classified onthe
basis of its particle size distribution as auniform fine/
medium sand with representative particlesizesD, and D
of 0.15mmand0.212mmrespectively. Fromthis, the
permeability of the sand was estimated to be 2.25 x 10* m/s
using Hazen' s(1892) empirical formulafor cleanfilter sands

(4.2)

Poisson’s ratio was taken as v = 0.3 based on Equations
4.2and4.3

4.2

(4.3)

A summary of the soil parametersisgivenin Table4.2.

Table4.2 Detailsof theL eighton Buzzar d Sand soil
parameter sused inthefiniteelement analyses

Soil parameter Value

Angle of soil friction ¢ =q¢,) =35
Cohesion intercept c=0

Poisson’s ratio v'=03

Bulk unit weight of soil y = 19.7kN/mé
Permeability k = 2.25x10“ m/s

4.3 1n situ stressstateand soil stiffnessprofile

Speswhite kaolin clay tests- Tests TRL 1 and TRL 4

In common with the centrifuge modd tests, the stresshigtory of
the kaolin samplewas assumed to comprise one dimensiona
compressiontoamaximumvertical effectivestressof 1250kPa
followed by unloading to avertica effective stress of 80kPa.
Theinitia instu laterd effective stresseswere computed using
Equation4.4 (Mayneand Kulhawy, 1982) upto the passvelimit
K, =2.198for ¢, =22°.

(4.4)

The water table was set at original ground level. The
boundary conditions imposed by the zinc chloride solution
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intheflexible PV C bag wererepresented approximately by
reducing the pre-excavation lateral earth pressure
coefficient to unity in the soil aboveformation level, below
which the pre-excavation lateral earth pressure coefficients
returned to their initial in situ values. Theresulting
stiffness profile, whichisshown in Figure 4.3, was
computed using Equations 4.5 and 4.6:

(4.5)

where

(4.6)

Leighton Buzzard Sand tests- TestsTRL 2and TRL 3
Theinitial in situ lateral effective stresses were computed
using Jaky’s(1944) expressionfor K __(Equation4.2) with
@, = 35°. The boundary conditionsimposed by the zinc
chloride solutionintheflexible PV C bag were represented
inasimilar way to that described previoudly i.e. the pre-
excavation lateral earth pressure coefficient wasincreased
to unity in the soil above formation level below which point
they remained at their initial in situ values.

Unfortunately, stress-strain data were not available for
52/100 L eighton Buzzard Sand. A range of normalised shear
moduli G/p' of 75t0 200, however, wastaken astypical of
medium-dense granular materials over ashear strain
increment of approximately 0.2% (Bellotti etal, 1989). The
analyses started with the wall and stabilising base already
in place and assumed agroundwater level at 8m below
original ground level. Theresulting stiffness profilesare
showninFigure4.4. Preliminary analyses, inwhich
attempts were made to model areducing groundwater level
behind the wall as evidenced in the centrifuge tests,
developed numerical problems.

4.4Construction sequence

Speswhite kaolin clay tests- TestsTRL 1 and TRL 4
The sequence of each analysis, starting with the wall and
stabilising base already in place and assuming a
groundwater level initially at original ground level, wasas
follows:

a Simulatebulk excavation by removing elementsfromin
front of thewall in8  1mlayersover aperiod of 3 days,
with the pore water pressures being re-set to zero at the
current excavated surface.

b Consolidateinthelongtermwithtimeintervalsof 1, 2, 4,
7,10, 20, 40 and 70 monthsto model thelongterm
behaviour of thewall.

Each analysis was carried out using atotal of 950
increments.
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Leighton Buzzard Sand tests- TestsTRL 2and TRL 3
The sequence of each analysis, again starting with the wall
and stabilising base aready in place but thistime with the
groundwater level at 8m below original ground level, wasas
follows:

a Simulatebulk excavation by removing elementsfromin
front of thewall in8x 1m layersover aperiod of 3days.

b Consolidateinthelongtermwithtimeintervalsof 1, 2, 4,
8 and 18 monthsto model the long term behaviour of the
wall.

Each analysis was carried out using atotal of 350
increments.

4.5Resultsof finiteelement analyses

45.1 Test TRL 1 (8m embedment wall in speswhite
kaolin clay)
Wall and soil movements
Measured and computed movements of the crest of thewall
into the excavation, shown as afunction of time, are compared
in Figure4.5. The crest movementsinto the excavation were
reasonably well predicted during excavation and the effect of
theincreased soil permeability inthe Case 2 analysisonly
become apparent after approximately 1 year. Thiswould
suggest that the excavation process was a substantialy
undrained event in the analyses.

Upto 6.5 yearsfollowing excavation, the crest
movements were under-predicted by thefinite element
analyses. One reason for thisis that the computed pore
water pressures on both sides of the wall were less than
those measured in the centrifuge. Thisis discussed in more
detail later. Another possible reason is that the adoption of
asingle value of k throughout the depth of the clay could
have lead to an over-stiff response in the short to medium
term. Research carried out by Al-Tabaa (1987) on
specimens of speswhite kaolin clay suggested that there is
an approximately linear relation between the slope of the
swelling/recompression linek, and overconsolidation ratio
OCR, inthat k increaseswith OCR. The Schofield model
takes no account of this and instead assumes that K is
constant, i.e. the unload/reload line is represented as a
straight lineinv - In p' space.

After approximately 6.5 years, the Case 2 finiteelement
analysis became unstable. The rate of crest movement
increased dramatically suggesting that thewall wasin a
state of collapse. After 13 yearsthe crest of the wall had
moved approximately 1.2m - afactor of approximately 2
greater than that measured in the centrifuge. In comparison,
the Case 1 analysis remained stable after 13 years but the
rate of crest movement was till increasing. The pore water
pressures on the wall were significantly under-predicted by
the Case 1 analysis (discussed later). It seemslikely that
thewall inthe Case 1 analysiswould also have reached a
state of collapse once full pore water pressure dissipation
had occurred, i.e. if thisanalysiswererun longer.

Measured and computed soil settlement profiles behind
thewall after 13 yearsareshownin Figure4.6. Theprofile
computed in the Case 2 analysis gives better agreement,
although the effects of shear close to the wall appear to
have been under-estimated in both analyses.
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Pore water pressures
Measured and computed pore water pressure distributions
immediately after excavationand after approximately 13
yearsare compared in Figures 4.7 and 4.8 respectively.
During excavation (Figure 4.7), the porewater pressure
distributions computed for Cases 1 and 2 weresimilar, which
tends to confirm that the excavation process was indeed
undrained in the analyses. The unloading response, in terms
of porewater pressure reduction, to the removal of
overburden was generdly over-predicted by the finite element
analyses. This may be due to the way in which excavation was
modelled inthefinite element anayses. In the centrifuge, the
lateral unloading effect dueto simulated excavation was
gradud asthe zinc chloride solution was drained from the
flexible PV Cbag. Inthefiniteelement analyses, however, the
excavation procedure involved the instantaneous removal of a
seriesof Imlayersof soil. Thisapart, thefollowing trends
were apparent in both the centrifuge and the finite el ement
analyses during excavation:;

e Behind thewall, pore water pressuresfell in all caseson
excavation, with thelateral unloading effect most
pronounced closest to thewall (i.e. compare Figures4.7a
and 4.7b);

e Infront of thewall beyond the stabilising base (i.e. 24m
in front), the pore water pressuresfell considerably due
to the removal of the overburden (Figure 4.7b);

e Infront of thewall below the stabilising base(i.e. 2.16m
in front), the effect of overburden removal was lessthan
it was beyond the base (i.e. compare Figures 4.7aand
4.7b). Excavation in both the centrifuge and finite
element analyses was simulated with the stabilising base
already in place. Rotation of thewall into the excavation
resulted in the devel opment of significant bearing
pressures beneath the base during excavation, partly
compensating for the effects of vertical unloading
beneath the stahilising base.

Following excavation, similar trendswerea so apparentin
the centrifuge and thefinite element analyses. These were:

e Behind the wall, the pore water pressures furthest away
fromthewall (i.e. 12.8m) continued tofall totheir long
term equilibrium values whereas the pore water pressures
immediately behind (i.e. 2.16m) and withinthe depth of
thewall tended to riseto their long term equilibrium
values as the clay in this region swelled and softened;

e Infront of thewall (i.e. 24m) beyond the stabilising base,
the pore water pressures rose as the clay in this region
swelled.

The porewater pressure distributions after approximately
13 years (Figures 4.8a and 4.8b) suggest that by increasing
the permeability and hence the consolidation
characteristics of thekaolin (i.e. Case 2 analysis), close
agreement was obtained with the pore water pressure
distributions measured in the centrifuge.

Bending moments in the wall and stabilising base
Measured and computed bending moments in the wall
immediately after excavation and after 13 yearsare shown
in Figures4.9aand 4.9b respectively.
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With the stabilising base already in place, the restoring
moment imparted by the base as the wall rotates into the
excavation is evident in both the finite element analyses
andinthecentrifuge (Figure4.9a). Immediately after
excavation, the bending momentsin the wall computed in
the Case 1 and Case 2 finite element analyses were
identical. Intermsof magnitude, however, they were
significantly less than those measured in the centrifuge.
Although the magnitude of the maximum bending moment
measuredinthewall in Figure 4.9 isimplausibly high, the
magnitude of the measured and computed restoring
moments at formation level isbroadly consistent.

Bending momentsin thewall computed inthefinite element
analysestended to incresse (i.e. become more negetive) in the
long term. Thisis consistent with the trend measured in the
centrifuge and is probably dueto an increase in pore water
pressuresimmediately behind thewall.

Computed bending moments in the stabilising base and
vertical effective stresses on the underside of base after 13
yearsare shown in Figures4.10 and 4.11 respectively.
Unfortunately, these can not be corroborated with data
from the centrifuge test as no data were forthcoming from
the strain gauges on the stabilising base in this test. The
computed bending moment profilesin the two analyses
weresimilar withacommon maximum restoring moment of
approximately 1300kNm/m (Figure4.10). Thecomputed
vertical effective stress distributions on the underside of
the stabilising basewerealso similar (Figure4.11). At the
extreme edge of the stabilising base (i.e. 4m away from the
wall), large bearing pressures of up to 300kPawere
computed in both analyses.

Lateral stresses on the wall

Horizontal stress distributions at the end of the Case 1 and
Case 2 analyses (i.e. 13 years) are presented in Figures4.12
and 4.13 respectively. Also shown are the pre-excavation
horizontal effective stress profiles computed on the basis of
Equation4.4.

The horizontal effective stress distributions computed in
the Case 1 analysis (Figure 4.12) are consistent with the
mode of deformation of thewall i.e. rigid body rotation into
the excavation about some point near the toe of the wall.
Behind thewall, the soil was generally in an active state
except for the region of soil closeto thetoe of thewall. In
front of thewall, the horizontal effective stresseswere
marginally greater than the corresponding pre-excavation
horizontal effective stresses. However, the soil in this
region was remote from passive failure because the vertical
effective stresses remained high following excavation asa
result of the stabilising base being already in place during
simulatedexcavation.

The horizontal effective stress distribution behind the
wall computed in the Case 2 analysis tends to confirm that
thiswall wasin astate of collapse (Figure 4.13). Uptoa
depth of 9m, very low horizontal effective stresseswere
computed and failure occurred by tensile fracture. By
reducing the slope of the Hvorslev surface from 0.64 to
0.59, the extent of the no-tension cut-off failure envelope
wasincreased significantly in the Case 2 analysis compared
with the Case 1 analysis.

The pore water pressure distributions computed in the
Case 2 analysiswere greater than in the Case 1 analysis
reflecting the increased rate of consolidation in thisanalysis.

45.2 Test TRL 4 (4m embedment wall in speswhite
kaolin clay)
Wall and soil movements
Measured and computed movements of the crest of the
wall into the excavation, shown asafunction of time, are
comparedin Figure4.14. During excavation, the computed
crest movements into the excavation were reasonably well
predicted by both analyses. In the long term, the crest
movements computed in the Case 1 analysiswere
significantly less than those measured in the centrifuge for
thereasons given in Section 4.5.1. The Case 2 analysis,
however, was in reasonably good agreement until the
analysisbecame unstable after approximately 3.7 years.

A comparison of the soil settlement profiles behind the
wall in Figure 4.15 suggests that the Case 2 analysis gives
better agreement. It is clear, however, that both analyses
were unabl e to replicate the rupture behaviour evident in
the centrifuge test. The modelling of ruptures using afinite
element continuum model is generally acknowledged to be
difficult(White, 1987; Li,1990).

Pore water pressures

Measured and computed pore water pressure distributions
immediately after excavationarecomparedinFigures4.16.
Once again, the unloading response in terms of pore water
pressure reduction to the removal of overburden was
generally over-predicted by the finite element analyses.
Also, the same broad trends evident in Test TRL 1 (Section
4.5.1) bothduring andimmediately following excavation
were apparent in this test.

In the long term, the pore water pressure distributions
were under-predicted by the Case 1 finite element analysis
(Figure4.17). Inthe Case 2 analysis, however, close
agreement was obtained (Figure 4.18) with the measured
pore water pressures. It is therefore not surprising that the
crest movements into the excavation were under-predicted
by the Case 1 analysisin the long term.

Bending moments in the wall and stabilising base
Measured and computed bending momentsin thewall
immediately after excavationareshowninFigure4.19. The
restoring moment imparted by the base asthewall rotatesinto
the excavation is evident in both the finite eement analyses
and in the centrifuge. The bending moment profiles given by
the Case 1 and Case 2 finite dlement analysesimmediately
following excavation - which wereagainidentical in shapeand
magnitude - arein reasonabl e agreement with the bending
moments measured in the centrifuge.

Attheend of boththe Case 1 (i.e. 7 years) and Case 2 (i.e.
3.7 years) anayses, the bending moments computed in the
wall above formation level werelessthan those computed
immediately following excavation. Thiscanbeseenin Figures
4.20 and 4.21 respectively and is not consistent with the
bending moments measured in the centrifuge.
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Figure4.17 Calculated (Case 1 analysis) and measured pore water pressure profiles at the end of Test TRL 4 (7 years)
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Figure4.20 Calculated (Case 1 analysis) and measured bending moment profilesinthewall after 7 years, Test TRL 4
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Figure4.21 Calculated (Case 2 analysis) and measured bending moment profilesinthewall after 3.7 years, Test TRL 4

The bending moments in the stabilising base computed at
the end of the Case 1 and Case 2 analyses are shown in
Figures4.22 and 4.23 respectively. A range of possible
measured bending moments has also been superimposed
onto these figures (see Section 2.7.1). These have been
calculated on the basis of the smallest and largest calibration
factorsfound during wall cdibration. The computed bending
moment profilesinthetwo analysesaregeneraly in
reasonabl e agreement with the measured profiles determined
on the basis of the smallest calibration factors.

The computed vertical effective stress distributions on
the underside of the stahilising base at the end of the Case 1
(i.e. 7years) and Case 2 (i.e. 3.7 years) analyses are shown
inFigure4.24. The stressdistributionsare generally smaller
in magnitude than the lower estimate of measured bearing
pressure of 130kPa (assuming arectangular pressure
distribution) givenin Table2.2.

Lateral stresses on the wall

Horizontal stress distributions at the end of the Case 1 (i.e.
7 years) and Case 2 (i.e. 3.7 years) andlyses are presented in
Figures4.25and 4.26 respectively.

The horizontd effective stress distribution behind the wall
computed inthe Case 1 andysis (Figure 4.25) showsa
significant reduction bel ow the pre-excavation horizontal
effective stresses. Thisis consistent with the mode of
deformation of thewall. Inthe Case 2 analysis, however, the
horizontal effective stress distribution behind the wall
suggeststhat thiswall wasin a state of collapse (Figure 4.26).
Very low horizontal effective stresseswere computed to a
depth of 8m and failure occurred by tensilefracture.

In front of thewall, the horizontal effective stress
distributions at the end of both analyses suggest that there
was asignificant increase - particularly towards the toe of
thewall - abovewith the pre-excavation horizontal effective
stresses. The soil in thisregion, however, was remote from
collapse.

The pore water pressure distributions computed in the
Case 2 analysis were greater than the Case 1 analysis, once
again reflecting the increased consolidation coefficient in
this analysis.

4.5.3 Test TRL 2 (8m embedment wall in 52/100 Leighton
Buzzard Sand)

Wall movements

Measured and computed movements of the crest of the

wall into the excavation are shown asafunction of timein

Figure4.27.

The sensitivity of the crest movements into the
excavation to the stiffness of the sand is clearly evident.
As mentioned in Section 4.4, the analyses were unable to
replicate the falling phreatic surface behind the wall that
occurred in the centrifuge test and instead commenced with
aphreatic surface at formation level on both sides of the
wall. The high permeability of the sand resulted in the wall
reaching astate of equilibrium shortly after excavationin
both analyses. The analysis assuming a normalised shear
modulus G/p' of 75 gavethe better correlation in terms of
magnitude. Both analyses, however, under-predicted the
crest movements actually measured in the centrifuge. This
is probably due to the inability of the analysesto replicate
the exact conditions imposed during excavation in the
centrifuge. The analysis assuming G/p' of 75 should
therefore be treated with caution.

Bending moments in the wall and stabilising base

Figure 4.28 compares the measured and computed bending
momentsinthewall after 2.54 years. The restoring moment
imparted by the stabilising base is evident in both the
computed and measured bending moment profiles. Above
formation level, the computed bending momentsaresimilar
in shape to, but significantly smaller than, those measured
inthe centrifuge. At formation level, however, the
magnitudes of computed and measured restoring

51



2000 1

—— CALCULATED: CASE 1
— MEASURED

=
al
o
o

1000 1 UPPER LIMIT
LOWER LIMIT

Restoring moment imparted by
the stabilising base (kNm/m)

500 1

0 1 2 3 4
Distance from front of wall (m)
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Figure4.28 Cal culated and measured bending moment profilesin thewall after 2.54 years, Test TRL 2

moments in the wall were broadly consistent. Whilst the
shape of the computed and measured bending moment
profiles appears|ogical, it was concluded that not too much
reliance should be placed on the magnitude of the maximum
measured bending momentsin thewall.

The computed bending moments in the stabilising base
at the end of the analyses are shown in Figure 4.29. A
range of possible measured bending moments has been
superimposed onto thisfigure (see Section 2.7.2). The
computed bending moment profilesin the two analyses are
generaly in reasonabl e agreement with the measured
profiles calculated on the basis of the smallest calibration
factors found during wall calibration. Computed bending
moments in the stabilising base were larger for the analysis
with G/p' of 75, becausethelarger wall movements (and
rotations) in this case led to slightly higher bearing
pressures being developed on the underside of the
stabilising base than in the analysis with G/p' of 200
(Figure 4.30). Asaresult of the greater restoring moment
imparted by the stabilising base, the bending momentsin
thewall below formationlevel werealsolarger.

The vertical effective stress distributions below the
stabilising basein Figure4.30 are generally rectangular in
shape and compare reasonably well with the lower estimate
of measured bearing pressure of 188 kPa (assuming a
rectangular pressure distribution) givenin Table 2.3.

Lateral stresses on the wall

The computed horizontal stress distributions after 2.54
yearsfor the analyses assuming G/p' of 75 and 200 are
presented in Figures4.31 and 4.32 respectively.

Behind the wall, the soil was at or very closeto
mobilisingitsfull strength (i.e. @ =@ _, =35°) throughout
the depth of the wall in both analyses. Above formation
level, the effective stress and total stress profiles behind
thewall areidentical in both analyses. Thisis because this

region of soil was modelled with having zero pore water

pressures throughout the analyses. The effective stress
profiles behind the wall also suggest that there was a
significant reduction in the pre-excavation effective
stresses throughout the depth of the wall and that this soil
had indeed reached the active state. Thisis not surprising
asnormally consolidated soilsgenerally require small
movements to reach the active state. In front of the wall,
the soil was remote from mobilising itsfull strengthin both
analyses. This was because the vertical effective stresses
infront of thewall remained high following excavation asa
result of the stabilising base already being in place during
simulated excavation.

The pore water pressure distributions at the end of the
analyses on both sides of the wall are identical to those at
the start of the analysesi.e. they increase hydrostatically
with depth below formation level.

454 Test TRL 3 (4m embedment wall in 52/100 Leighton
Buzzard Sand)
Wall movements
Figure 4.33 comparesthe measured and computed wall
movements at the crest of the wall and shows that the
measured crest movements fall between those computed in
the two analyses. It is interesting to note that the computed
crest movementsinto the excavation givenin Figure 4.33
were less than those computed for the deeper embedment
wall (Test TRL 2) givenin Figure4.27. Thistrend wasalso
apparent in the centrifuge tests and is discussed in more
detail later.

Bending moments in the wall and stabilising base
Measured and computed bending momentsin thewall after
2.54 yearsare shown in Figure 4.34. The computed
bending moment profilesweregenerally similar in shape,
but smaller in magnitude than those measured in the
centrifuge.
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Figure 4.35 compares the measured and computed
bending momentsin the stabilising base after 2.54 years. It
can be seen that there is close agreement between the
computed bending moment profilewith G/p' of 200 and the
measured profile calculated on the basis of the smallest
calibration factorsfound during wall calibration.

Computed verticd effective stresses on the underside of
the stabilising base after 2.54 yearsare shown in Figure 4.36.
Thelarger bearing pressures computed in the andysiswith G/p'
of 75 reflect thelarger wall movementsin thisanalysis, andthe
computed bending momentsin the stabilising base were
correspondingly increased (Figure4.35).

The shapes of the computed bearing pressure
distributionsin Figure 4.36 areinteresting. The profiles
suggest that the bearing pressures are decreasing away
from the wall along the stabilising base. The reason for this
can be seen in the deformed mesh after 2.54 yearsgivenin
Figure4.37. Themode of deformation of thewall comprised
forwards translation towards the excavation together with
backwards rotation. Consequently, the stabilising base
rotated backwards and the bearing pressures on the
underside of the stabilising base were greatest close to the
wall. Thisisin contrast to the mode of deformation
computed in Test TRL 2 which generally comprised
forwardstrandglation of thewall (Figure4.38).
Unfortunately, the image processing facility was not
suitable for the sand tests and these modes of deformation
could therefore not be validated in the centrifuge tests.

In terms of magnitude, the computed bearing pressures
on the underside of the stabilising basein Test TRL 3
compare reasonably well with thelower estimate of
measured bearing pressure of 119-140 kPa (assuming a
rectangular pressure distribution) givenin Table 2.4.

Lateral stresses on the wall

The computed horizontal stress distributions after 2.54
yearsfor the analyses assuming G/p' of 75 and G/p' of 200
are presented in Figures 4.39 and 4.40 respectively. The
lateral stress and pore water pressure distributions are
generally similar in terms of shape and magnitude.

Behind the wall, the soil was at or very closeto
mobilisingitsfull activestrength(i.e. ¢ _, =¢_, =35°)
throughout the depth of the wall in both analyses. This can
be seen in the effective stress profiles behind thewall in
Figures 4.39 and 4.40. Infront of thewall, the soil was
remote from collapse in both analyses for the reasons given
inSection4.5.3.

The pore water pressure distributions at the end of the
analyses on both sides of the wall are identical to those at
the start of the analysesi.e. they increase hydrostatically
with depth below formation level.

4.6 A summary of theresultsof thefiniteelement analyses

A comparison of crest movements into the excavation,
bending momentsin the stabilising base and pore water
pressures in front of and behind the wall suggests that the
principal aspects of behaviour of the stabilising base
retaining wallsin the centrifuge model testswere modelled
in areasonably realistic manner. Whilst the shape of the
computed and measured bending moment profilesin the

wall were also similar, it was considered that not too much
reliance should be placed on the magnitude of the maximum
measured bending moments.

In the back-analyses of the centrifuge model testsin
kaolinclay (i.e. TestsTRL 1and TRL 4), better overall
correlation was apparent in the Case 2 analyses, i.e.
analyses in which both the permeability of the kaolin and
its potential to mobilise greater strength wasincreased.
However, collapse was predicted in the back-analyses of
both centrifuge tests using the Case 2 parameters but was
not apparentin centrifuge Test TRL 1. Thelimit-equilibrium
back-analyses presented in Section 3.5.1 suggest that the
wall/stabilising base arrangement of Test TRL 1 wasjust
stable on the basis of measured pore water pressures and
deformed geometry. A separate calculation (not included in
this report) based on the original geometry suggested that
thiswall wasat limiting equilibrium. Small external effects
such asfriction at the wall/strongbox and/or clay/
strongbox interface could have been significant enough to
have maintained the structure just at equilibrium inthe
centrifuge thereby preventing the onset of collapse.

In the back-analyses of the centrifuge model testsin
sand (i.e. Tests TRL 2 and TRL 3), it was hot possible to
model the exact conditionsimposed in the centrifuge tests
during simulated excavation. A series of idealised analyses
was therefore carried out and the principal aspects of
behaviour were reasonably well modelled. Measured crest
movements and stabilising base bending moments
generaly fell between those computed in the analyses with
normalised shear moduli G/p' between 75 and 200. The
analyses al so showed that crest movements were smaller in
the4m embedment wall compared with the8m embedment
wall. Thistrend, which was also apparent in the centrifuge
tests, was attributed to a difference in displacement
mechanisms. The main mode of deformation for the8m
embedment wall wasforward translation towardsthe
excavation. I nthe case of the4m embedment wall, however,
forward tranglation towards the excavation was
accompanied by backward rotation of thewall.

5 Summary and implications for design

A series of centrifuge model tests, finite lement analyses and
limit-equilibrium analyses has been carried out to investigate
the effectiveness of stabilising base retaining walls.

Common retained heights corresponding to 8m at
prototype scale and stabilising base projections from the
wall of 4m were adopted in all of the centrifuge model tests.
Depths of wall embedment corresponding to 4m and 8m at
prototype scale were investigated in both 52/100 L eighton
Buzzard Sand and overconsolidated speswhite kaolin clay.

The findings of the research can be summarised as
follows:

e |n the centrifuge tests carried out in kaolin clay, both the
4m and 8m embedment wall were of sufficient depth to
prevent a short-term undrained collapse. In the long
term, however, the 4m embedment wall wasin astate of
collapse whereasthe 8m embedment wall apparently
stabilised.
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In the centrifuge tests carried out in sand, wall
movementsweremuch smaller, reflecting the
significantly greater stiffness and possibly strength of
the sand compared with the kaolin clay. Wall movements
at the crest of thewall, however, were at all timeslarger
for thewall of 8m embedment than for thewall of 4m
embedment.

e Thefinite element analyses of the centrifuge tests carried
out inkaolin clay confirmed that the 4m embedment wall
was unstable in the long term. They also confirmed that
the 8m embedment wall would have been unstable on the
basis of the undeformed geometry (i.e. the original
retained height). Comparison of the bending momentsin
the stabilising base and the pore water pressures in front
of and behind the wall suggested that the principal
aspects of behaviour were modelled in areasonably
realisticmanner.

The finite element analyses of the centrifuge tests carried
out in sand confirmed that both the 4m and 8m
embedment wall werestable. Different modes of
movement were evident in the analyses which may
explain the reason for the smaller crest movements
measuredinthe4m embedment wall. The4m embedment
wall suffered forwards translation together with
backwardsrotation whereasthe 8m embedment wal |
translated forwards without significant rotation.

e Limit-equilibrium analysesinwhichthe stabilising base
isassumed to act asarigid prop are probably unsafe
becauseit isunlikely that the base will be able to provide
sufficient lateral force to act asthe point of rotation: the
end of the stabilising base reacts against soil and not
anotherwall.

e Thelimit-equilibrium back-analysesof thestabilising
base retaining wallsin the centrifuge tests were carried
out in two ways:

a Scheme 3, assuming acollapse mechanism
analogousto that for amass gravity wall. Thewall
and the soil below the stabilising base and above the
toe of thewall are assumed to act asarigid block.
Collapsewill occur whenthereislimitingequilibrium
with active conditions behind the block, passive
conditionsin front of the block and bearing
pressures (calculated on the basis of Equation 3.1)
on the underside of the block.

b Scheme4, assuming acollapse mechanism
analogous to that for an unpropped cantilever wall.
Rigid body rotational failureis assumed to occur
about an axislying in the plane of thewall at some
point between formation level and thetoe (i.e. fixed
earth support conditions). The bearing pressure on
the underside of the stabilising base imparts a
restoring moment to the retaining wall and also acts
as asurcharge on the soil in front of the wall (the
stress distribution on the underside of the stabilising
base has been assumed to be rectangular in shape:
see Section 3.5).

According to the Scheme 3 approach - and assuming the
same soil friction angle mobilised everywhere onthe

structure, full wall friction on both sides of the soil/wall
block, zero friction on the base of the soil/wall block, afull
height groundwater level and steady state seepage
conditions - the analyses of stabilising base wallsin kaolin
clay indicated aminimum depth of embedment for stability
(i.e. F.O.Sof 1) of 9.8m and abase projection from thewall
of 14.5m. Giventhat the8m embedment wall witha4m
stabilising base projection in the centrifuge test was
marginally stable, this cal culation would appear to be
overconservative. Making similar design assumptions, the
back-analyses of the stabilising base wallsin sand

indi cated aminimum depth of embedment for stability of 3m
and abase projection from thewall of 5.9m.

According to the Scheme 4 approach - and assuming
the same soil friction angle mobilised everywhere on the
structure, full wall friction on both sides of the wall, zero
friction on the underside of the stabilising base, measured
pore water pressures and the deformed geometry - the
analyses of stabilising base wallsin kaolin clay confirmed
that the 4m embedment wall wasin astate of collapse with
astrength mobilisation factor M of 0.91 and that the 8m
embedment wall wasclosetolimiting equilibriumwitha
mobilisation factor M of 1.05. Both the4m and 8m
embedment walls in sand were stable according to this
calculation.

However, an investigation into the stress fields that can
be developed below a stabilising base suggests that it may
not be theoretically possibleto develop full wall frictionin
front of the wall and zero base friction on the underside of
the base owing to alack of space to achieve the required
rotation in the principal stress directions. This means that
the Scheme 4 approach using Caguot and Kerisel’ s (1948)
earth pressure coefficients lacks rigour, and may err on the
unsafe side.

With thisin mind, thefollowing recommendationsare
given for the design of astabilising base retaining wall:

e Adoptthe Scheme4 limit-equilibrium approach
summarised in (b) above in conjunction with the
recommendationsfor designgiveninBS8002 (BSI, 1994:
Clause3.2.5). Theseare:

1 the adoption of a(reduced) mobilised soil strength ¢
taken as the lesser of

mob

(a) the representative peak strength of the soil O
divided by asoil mobilisation factor M of 1.2

(5.1)

or
(b) the critical state strength of the soil @',

2 theapplication of a surcharge of 10kPa to the retained
surface; and

3 theover-excavation (by 10% of theretained height or 0.5m
whichever isgreater) of the soil in front of thewall.

It isalso recommended that the following design
assumptions are incorporated.
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1 Inthe absence of suitable datafrom shear box tests, wall
friction & on both sides of the wall should be limited to
75% of themobilised soil strength ¢, (BS8002, 1994:
Clause3.2.6).

2 Calculatethe bearing capacity factor N, (Equation 3.2)
assuming that the load inclination angle on the
underside of the stabilising base 8, = 0.

3 Using conventional foundation design theory, the
ultimate bearing pressure(a,’) (cal cul ated for example
using Equation 3.1 and enhancement factors givenin
Table 3.1) on the underside of the stabilising base
should be reduced to an allowable bearing pressure (0,)
taken as the lesser of

(a) the ultimate bearing capacity divided by afactor of
safety F (typically 2.5- 3.0: BS8004, 1986) with

=G,
(5.2)

or
(b) the ultimate bearing capacity divided by afactor of
safety F=1.0with@' =¢

mob”

4 Thelong term pore water pressure distributions on either
side of the wall may be estimated on the basis of the
linear seepage model.

The conditions for design and the resulting stress
distributionsareindicated in Figure 5.1.

e |n view of the assumptions made and the theoretical
shortcomings of the approach, the proposed limit-
equilibrium cal culation (which could be used for
preliminary sizing purposes) should be accompanied by
adetailed analysis (e.g. finite element analysis) to take
proper account of construction sequence and the
complex soil/structure interactionsinvol ved.

The width of the stabilising base will also affect the
stability and serviceability of theretaining wall. Inthe
research described in this report, the ratio of stabilising
base width to retained height was 0.5 which is consistent
with the recommended optimum val ue suggested by Powrie
& Chandler (1998).

The centrifuge model tests and finite element analyses
described in this report have given an insight into the
behaviour of stabilising baseretaining walls. Thereis,
however, aneed for further monitoring of this class of
retainingwall inthefield.
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baseprojectionfromwall =4m
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Abstract

A series of centrifuge model tests and complementary finite element analyses have been carried out to investigate
the behaviour of stabilising base retaining walls of two different embedment depthsin two different types of soil. In
this report, the results of the centrifuge model tests and the finite element analyses are presented. They are then used
to assess the applicability of various possible limit-equilibrium type calculations for this class of retaining wall.
Finally, the implications for design are discussed and an outline design procedure is proposed.
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