The text of a proposed design
method for rigid walls constructed
in-situ in overconsolidated clay
was published in the issue of
Ground Engineering Volume 22
Number 8. Unfortunately due to
space restrictions the diagrams
were published at a size which

- made them difficult to read. They
have nowbeen republished below
together with a summary of the
accompanying text and a worked
example which illustrates the new
‘method of calculation, and
references and the conclusions to
Partldealing with the construction
phase. Design calculations
pertinent to the long texrm
equilibrium of such walls will be
offered in Part Il to be published in
the next issue.

The design of in-situ
walls retaining
overconsolidated clay:
PartIShortterm
behaviour

MD Bolton! W Powrie? &I F Symons®

Introduction

A method is set out by which designers
can check both the safety and
serviceability of relatively stiff reinforced
concrete retaining walls constructed in-
situin overconsolidated clay.

Conventional design calculations are of
the limit equilibrium type, being based on
the assumption of ‘fixed-earth’ or ‘free-
earth’ support conditions illustrated in
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Figure 1. Current guidance in CIRIA
Report 104 (Padfield and Mair 1984) is that
the fixed earth support calculation is
relevant only to unpropped walls and that
free earth support conditions are more
realistic for stiff propped walls which .
approach a failure condition by rotation
about the prop position. A lumped factor
of safety is used in conjunction with
limiting ‘active’ and ‘passive’ earth
pressures. The resulting design depends
not only on the magnitude of the factor of
safety adopted but also on the particular
way in which it is introduced into the
calculations. No explicit information is
provided on the likely displacements in
service.

The proposed method proceeds in three
steps. The first step is simply to calculate
the soil strength which must be mobilised
to hold the proposed structure in
equilibrium, using conventional stress
distributions, The second step isto use
stress-strain data to deduce the average
soil shear strain which would be needed
to mobilise this soil strength. In a third
step, this average shear strain will be used
to attribute strains to the various active and

| passive zones in a manner consistent with

rigid body wall movements, which can
thenbe deduced.

In situ stresses

Ground conditions before construction of
the wall will vary from site to site, the in

Fig. 1 Fixed and
free earth
support
conditions (after
Padfield and
Mair, 1984).

situlateral earth pressure coefficient

K, = o'y/0', being a function of the ground
water conditions, the effective stress
history and the current stress state of the
soil. Ancient clays which have been
overconsolidated by the removal of
overburden are usually found to have K,
greater than 2 in the region affected by
wall construction. Installation of the wall
will undoubtedly alter the initial stress
state but the exact effect will depend on
the details of the construction technique.
For diaphragm walls, excavation under
bentonite is likely to reduce the lateral
stresses at the boundaries of the panel to
the hydrostatic pressure of the bentonite.
For bored pile walls the magnitude of the
reduction in stress is likely to depend on
the sequence of pile construction and
whether casing is used to support the
ground priox to pouring of the concrete.

Asthe wall is cast, further changes will
occur depending on the relative rates of
pouring and setting of the concrete. An
upper limit on the boundary lateral total
stress at this stage would be the
hydrostatic pressure of wet concrete,
corresponding approximatelytoK, = 1.
This simple condition alsoserved asa
convenient starting point for centrifuge
model tests, used to investigate the
validity of the new calculation methods,
and it will be used inthis paper as the
datum for design calculations of plane
strain deformations following wall
construction.

- (a) Fixed earth support conditions

Resultant. R

1) idealized
pressure distribution

Prop force
F —-—"

V

2) Simplified idealized
pressure distribution

(b) Free earth support conditions
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Stability on excavation

The undrained stability of the wall is most
easily assessed using a lower-bound
approachbased on permissible stress
fields, assuming a uniform undrained
strength ¢, It is necessary to take into
account the possible depth h. of a vertical
tension crack on the retained side. Figure
2shows idealised lateral pressure
diagrams appropriate to soil of unit welght
7 which cracks against a collapsing
frictionless wall, the cracks either
remaining dry or filling with water as the
remainder of the clay shearsinan
undrained fashion. Wall height and pivot
position can be selected so that equations
of force and moment equilibrium can
simultaneously be satisfied.

With dry cracks, it was found that the
theoretical point of pivot was never more
than 2.5% of the total height of the wall up
from the base. A simplified fixed-earth
support calculation (Figurela(2)) would
therefore have been perfectly adequate,

“withonly a 2.6% height addition for toe
support. With water filling cracks

- however, the pivot moved up to about 8%
of the height. In that case, a fixed earth
analysis of the upper 92% of the wall,
taking moments about a point 4% up from
the bottom where the equivalent toe-force
could be said to act, would prove
sufficiently accurate if moderate
variations of soil strength with depth had
tobe accounted for.

Figure 3 gives non-dimensiona] plots of
the undrained shear strength “/h
required to achieve ecuilibrium for
frictionless, rigid walls with different
ratios of the penetration depthdto
retained height hin clay of uniform .
strength. A typical excavationin
overconsolidated clay might have

“wyh == 1, which apparently demands no
embedment of the wall below excavation
level if water can be excluded from
tension cracks. A penetration ratio of
about 0.6 for typical y/v,, of 2 would,

(a) Dry tension crack

{b) Flooded tension crack
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however, be required just to prevent
collapse if water could fill cracks.

Figure 4shows the rather simpler
pressure conditions which canbe
assumed for rigid walls propped at the top
in clay of uniform strength Their solution
is more straightforward since the required
penetration canbe found directly from
moment equilibrium about the prop, while
horizontal equilibrium separately dictates
the prop force. Figure 5a shows that the
impact on wall stability of water in cracks
onthe retained side is somewhat less than
with free walls. Prop forces, non-
dimensionalised by dividing them by the
equivalent ‘hydrostatic’ thrust of the
retained face, are shown in Figure 5b:the
effect of a water-filled crack beneath the
prop is to more than double the recuired
prop force.

Wall friction, and an increase in undrained
strength with depth, can be accounted for
if desired. However, the use of Figure 3or
5 in conjunction with the average
undrained strength over the depth of

Fig. 2 Idealised stress:
distributions for the short-
term analysis of unpropped
cantileverwalls, .

K 15 2 25 3 35

Embedment Ratio d/h
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- Fig. 4 Idealised stress dlstdbutions for

the short-term ana]yslg of walls

' propped at the crest.

embedment d on the excavated side
would have forestalled failures of
centrifuge models (Bolton and Powrie,
1987) and should ecually enable
preliminary assessments to be made of
short term wall stability in practice.

Displacement on excavation

Inadditionto an assessmentofthe .
possibility of collapse, the designer will
wish to ensure that the wall will not be
rendered unserviceable by excessive
deformations. Bolton and Powrie (1988)
show that the shear strains induced in
neighbouring soil zones by the deflections
ofarigid, embedded wall can usefully be

" idealised as uniform. For example, the soil

deformations associated with a wall
rotating about its toe canbe represented
by triangular zones behind and in front of

~ the wall, within which the shear strain y is

" constant and equal to 26/H as shown in

~ Fig.6. Although this simple relationship
was derived for the case of a frictionless
wall, data presented by Milligan and
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" strain which canthenlead to the selection

1 Itfollowsthatthe penetrationratioofa free
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Bransby (1976) indicate that it is also
applicable, without significant error, to
rough walls. The designer canaimto
control wall displacement é by limiting
soil shear strains, A permissible
displacement leads to a permissible soil

ofasuitable mobﬂised soil strength,
throughlaboratory test data presented as
showninf‘lgm'ez o

cantilever wall which is required to limit
the mobilisation of soil strength to cpep, is
exactly that which has already been
indicated in Figure 3, inserting ;o in
place of ¢, in the stability number. Note
the implication for a typical early stage of
wall construction in whichd/h = 1. If the
wall is unpropped and subject to water-
filled cracks then ¢pqp, = 0.67h, whereas
without water ¢, == 0.37h. For atypical
8m excavation stage in stiff clay with ¢, =
100 kPa, this would offer mobilisation
factors 8 = cmer/Cy between 0.3 and 0.6
which, taking the total wall height tobe
10m, would generate wall mévements of
between 14mm and 90mm if the data
shown in Figure 7were applicable.
Clearly, the presence or otheywise of

hydraulic thrust is a significant
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Fig. 7 Mobilised
shearstrength as
afunction of
shearstrain fora
sample of London
Clay tested in
conventional
undrained
triaxial
compression
(originaldata
from Jardine et

- al, 1984).
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Fig. 6 RIGHT:
Idealised strain
field for a rigid
bulkhead

. rotating about
the toe.

Fig. 5SLEFT:
Mobilised shear
strength

( .q.) and prop

force (lnyu' asa
function of
embedment ratio

forwalls propped . -

at the crest.

6!y den

Compression
positive

(b) .

determinant of short-term wall behaviour.

' Figure 8compares the soil displacements
-computed i this way ‘with those measured

during a centrifuge test on an unpropped
wall in which water-filled cracks were not

" observed. It may be seenthat thetwo

patterns of deformation are in good
agreement. It seems likely that if sufficient
penetration is included to prevent
collapse in the presence of hydraulic
thrust, and also to limit deformationsto
permissible values in the absence of
hydraulic thrust, then there willbe
insufficient tensile strain to cause the soil
to crack during construction.

A stiff wall propped rigidly at the crest
would be expected to deflect by rotation
about the crest: the corresponding
idealised stress distributions, with and

Cmob .
‘ ﬁ;T

107 I [ 107 1
: Shear strain Y
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(a) Soil during tes! DWCO8: (b}
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Fig. 8 Comparison of measured and
calculated soil displacements for a
centrifuge model test on an unpropped
wall with £ = 2 (after Bolton and
Powrie, 1988).

without water filling tension cracks, were
shown in Figure 4.

The kinematics are, however; more
complex and the idealised deformation
pattern must be assembled from simpler
building blocks. Figure 6 shows a set of
admissible deformations conipatible with
arigid bulkhead rotating outwards about
thetoe, For a similar inward rotation the
signs of the strains are reversed but the
magnitude of the maxiumum shear strain
remains 20/H = 2:%, Figure 9shows an
idealised deformation pattern behind a
rigid bulkhead rotating outward about the
crest. In this case, it is necessary to
imagine a square ABOV drawn in the soil,
The upper triangle AOV rotates as a rigid
body about V: the lower triangle AOB
deforms in shear with uniform shear strain
20/H = 24, Again, the signs of the strains
arereversed for a corresponding inward
rotation.

Figure 10shows the idealised strain field
for an embedded wall OUV rotating about
the crest O. The strain field behind the
wall corresponds exactly to Figure 9, In
front of the wall, the horizontal movement
atUis hi? and the horizontal movement at
thetoe Vis (h + d) where histhe
retained height, d is the embedment and ¢
isthe rotation of the wall. Thus the strain
field in front of the wall must be
synthesised from components
corresponding to aninward rotation about

. L :
Fig. 9 Idealised strain field for a rigid
bulkhead rotating about the crest.

Fig. 10 Idealised
strain field for an
embedded wall
rotating about
the crest.

V of magnitude hi/d (Fig. 6)
superimposed on an inward rotation about
Uof (h + d)d¥/d (Fig. 9).

This means that the maximum shear strain
in front of the wall is due to the second .
component and is of magnitude 2(1 +
l/d)d-thatis, (1 +h/d) times the
maximum shear strain on the retained side
of the wall. An iterative method of solution
should be employed so that the mobilised
soil strength on the excavated side
reflects these enhanced shear strains.

It shoyld be recognised that this ratio
simply characterises the maximum strains
expected either side of the wall. Bolton
and Powrie (1988) showed that the actual
ground displacements in models were of a
similar magnitude to those predicted, but
that the settlement trough on the retained
side spread beyond the point A in Fig. 10.
As might have been expected there was
no ‘step’ atthat point. The data from the
Bell Common Wall (Tedd et al, 1984) also
show no such discontinuity.

Example calculation

Suppose a new road is to be constructed in
acutand cover tunnel where it passes
through a designated conservation area.
The side walls of the tunnel are to be
constructed in situ using the diaphragm
wall technique, and roof slab when placed
willact asa prop. The proposed sequence
of construction is:

[0 Installation of reinforced concrete
diaphragm walls with ground level at
oD

3 excavation between the walls to —4m
AQOD

O installation of roof slab which actsas a
prop at the crest of each wall

O excavation to -8m AOD with installation
of sump drains to maintain the
groundwater level between the walls at
-Sm AOD,

The wall is to be constructed in London
Clay, and the idealised excavation
geometry is shown in Figure 11. Note that
the wall is assumed to be effectively rigid
and the thickness of the wall is neglected,

" inthat shear on the base is not included in

the calculations. The problem facing the
designer is the selection of adepth of
embedment to ensure that the wall
remains both stable and serviceable
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during temporary works activities and in
the long term.

In this section, the temporary works
activitities are investigated by using the
methods described above to analyse an
unpropped wall retaining 4m of London
Clay. The stress-strain relationship (Cpon/
¢y vs ) which will be used in the analysis
was shown in Fig. 7, being derived from
the data of Jardine et al (1984) foran °
undrained triaxial test on an intact
specimen of London Clay
preconsolidated to 200kPa, which
reached a peaked strength ¢, = 101kPa.
For the purpose of this calculation it will

. be assumed that these data adequately

represent the stress-strain behaviour of
the soil at all depths on both sides of the
wall. For an undrained triaxial
compression test, the volumetric strain
evol(=¢, + 2£;) is zero. Consideration of
Mohr’s circle of strain leads to the result
that the maximum shear strain y(=¢, — ¢,)
is 1.5 times the axial strain ¢,

Phase I: Wall unpropped, excavation to -4
m,

The wall will ultimately have to retain 8m
of clay: suppose that its height H will have
tobe 20 m. Then for this phase h = 4m,
d=16m.
Inserting d/h = 4 into Figure 3it is found
that, without water in tension cracks:
Cmob//h = 0.26
and taking j = 20 kN/m®, gives:
Cmob = 0.26 X 20 X 4 = 21 kPa
Note that the presence of water in tension
cracks is immaterial here due to the
overwhelming significance of the

embedded length. With water in the crack
Cmob = 23kPa would be needed.

Taking a representative undrained shear
strengthtobe ¢, = 100 kPa gives

Cmob/Cy = 0.23

Inserting this Figure 7, the shear strain is
found tobe:
y1=18x 1073

Considering the 97.5% of the wall above
the pivot point, the crest deflection d, can
then be deduced from:

y1 =26,
0.975(h+d)
whichgives ; = 15mm,




Phase II: Wall propped at top, excavation
to —8m

The penetretion ratio will then be:
d/h=12/8=1.5

Asapreliminary estimate, assume the
same mobilisation of strength
everywhere, With dry tension cracks Fig.
S indicates for propped walls :

Cmob/Ph = 0.26
sothat

Cmob = 0.26 X 20 X 8 = 42kPa

This leads to a calculated mean
mobilisation of strength
Cmob/Cy = 0.42

Figure 7 thenindicates amean shear
strain after Phase II of: X

ya=11X% 1078 !
Since wall rotations about the toe (Phase I
and the crest (Phase II) have been
idealised as causing maximum straing'in
different zones (upper and lower
triangles, respectively) it willbe
convenient and conservative to treat the
corresponding strains as independent.
Accordingly, sufficient rotatlon about the
‘crestto generate allofy, = 7.1 X 1073, is
now allowed, ignoring the prior-
'| mobilisation of y,. Let the passive and
active components be y,, and y,: these
should be in the ratio
Yop = (1 + Wd) 24 = 1.6T gy

Asan approximation, therefore, take
 raptya)2=T1x 10
sothat *
72a=5.3 X 103,75, =8.8. X 107

| f"I‘l"l‘en, if 05 is the outward deflection of the
'{'itoe during Phase II;

' 20,/20=53x 107

| sothat
"~ 0z = 53mm.,

| This result is only approximate. Figure 7
may be used to deduce the different’
mobilised strengths on the two sides of the

. wall: oninserting these values into a stress
analysis after the fashion of Fig. 4, it willbe

| found that the condition of moment

equilibrium about the prop is not satisfied.

The approximate result canbe refined by

| altering the deflection iteratively until the

1 conditions of moment equilibrium and

shear strain ratio are satisfied

simultaneously, but thisleadsto arather
small adjustment which can usually be
ignored. The most significant judgement

will always remain the selectionof a

Original ground level
0.0m 0D

Roof slab acts as prop

SRR,
GW.L -20m0OD AR

Y

T

Excavation
10--4.0m OD| before installation
Y . of roof slab

Diaphragm wall =

Carriageway
level
-8.0m0OD
y

Fig. 11 Example calculation: definition of problem yebmeu'}. ’.: o

representative stress-strain curve, scaled
in the manner of Fig. 7.

Finally, the prop force for equilibrium at
the end of Phase Il withd/h = 1.5canbe

* found from Fig. 5btobe, takmg adry

tension crack,
F3 = 0.12(0.5¢h?) = T7kN/m

Conclusions

1. Attention hasbeendrawntothe
advantages of calculating mobilised
soil strengths which provide force and

~ moment equilibrium for a retaining
wall. These mobilised strengths

depend only on the agsumed shape of

the. lateral pressure dmgram

2. Tthas been shown that the calculation of -

mobilised strength in the temporary
works condition candepend
significantly on the possibility that free
. water can enter tension cracks. Even .
when stiff clays can properly be
regarded asundrained, failure can
occurduetothe hydraulic thrust of

water filling an opening crack behind a:

wall whichis unproperly supported.

3. Ithasalsobeen shown thatthe
influence of differences in shear strain
between different zones of soil canbe
accounted for, especially in the case of
arigid wall propped at its crest when
the mobilized ‘passive’ strains will
exceed the ‘active’ strains,

4. Ithas been possible to estimate the

GROUND ENGINEERING -
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undrained deflection of in-situ walls,
either unpropped of propped near the
top, taking themto berigid. This provides
the designer witha straightforward

: mmethod of sansfying a serviceabllity

“criterion, using stress-strain data for the
soil. The security of this calculation will be
wholly dependent onthe relevance of this
data. Nevertheless, it is considered that
this approach - even based on ‘typical’
previously published triaxial test data
from well-conducted tests on similar soils
-will provide the designer with a greater
appreciation of the likely performance of
the structure than would have been the
case if a traditional ‘factor of safety’ had
been applied.
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List of Symbols Part1 ,
c-undrained shear strength mobilised at wall
equilibrium.

Cmeop —""ndrained shear strength mobilised in triaxial
tost.

¢y~ undrained shear strength.

. d~depth of wall penetration below ground level on

excavated side.
EI-wall bending stiffness.

. F-prop force per unitlength.

H-totalheightofwall=h + d.

h-retained height.

ho—depth of tension crack.

K, -active earth pressure coefficient.

K, -initial in situ earth pressure coefficient at rest.
K,-passive earth pressure ecoefficient,
m-rate of increase in sofl stiffness with depth.
R flexibility factor.

z-depth below a free soil surface.

2;,~depth to point of rotation below ground level on
excavated side.

B-mobilisation factor - ¢ ./Cur

y-shear strain.

7-unit weight of soil.

Pw—unit weight of water.

4-wall displacement,
£,—axial strain in triaxial test,

&y-horizontal strain..

&, ~radial strain in triaxial test,

&y~ vertical strain

o1~ Volumetric strain,

¥-angle of wall rotation.

0oy~ horizontal total stress.

. 0'y—horizontal effective stress. -

oy~ vertical fotal stress. ~
[ venical‘ effective stress,
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The second part of this paper deals
with the long-term behaviour of stiff
in-situ walls retaining
overconsolidated clay. The first part,
which is concerned with short term
stability and displacement appeared in
the previous issue of Ground
Engineering.

The design of stiff in-situ
walls retaining
overconsolidated clay:
Part1l, long term
behaviour

by MD Bolton, W Powrie and IF Symons

Introduction

Part] of the paper considered the stability
and displacement of an effectively rigid
reinforced concrete wall, constructed in-

situin overconsolidated clay. In Part Il
calculations will be advanced to control
the long term behaviour of sucha wall.
The validity of these calculations can be
checked by using beam theory on the
resulting bending moment diagram to
compute the additional flexural
displacements of the wall. The analysis
will be useful only if these are smaller than
therigid body displacements. This was
discussed in PartI where a soil/wall
stiffness ratio R was defined, and the
suggestion made that the approach
outlined would be applicable for walls
with R values less than 1000.

During the period immediately after
excavation the stability of the wall may be
assisted by the excess pore water
suctions which result from the removal of
total stress. In the long term, as steady
state seepage conditions are approached,
the dissipation of these pore water
suctions will have a destabilising effect on
the wall. The designer must therefore
ensure that the retaining wall will not
collapse or become unserviceable in the
long term.

The correct approachto an assessment of
the long term performance of a
diaphragm wall in clay is an analysis
which considers pore wate pressures and
effective stresses separately. Fortunately
the pore water pressures corresponding
to steady state seepage round an
impermeable wall in homogeneous soil
are easily calculated, and a convenient

:wr ah=1 ah-0
810" 1 8§10 -1
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Figure 1: Idealised effective stress and
Pporewater pressure distributions for the
long term analysis of unpropped walls
and walls propped at the crest. '

approximation is to take the difference in
excess head between the retained side
and the excavated side as linearly
distributed around the wall (Symons,
1983).

The pore pressure distribution in the clay
can, however, be greatly affected by
inhomogeneities. A permeable silt or sand
layer within the clay may, for example, be
unaffected by the drawdown in the
excavation, leading to fully hydrostatic
conditions on the retained side above the
layer, and enhanced hydraulic gradients
for flow into the excavation. The
homogeneous case will be considered
hereafter for the purposes of explaining
the proposed design method.

Stability

Idealised pressure distributions for stiff
unpropped walls and walls propped
rigidly at the crest are shown in Figure 1
onthe basis of a frictional limit condition.
These are analagous to the stress
distributions shown in Part I Figures 2 and
4for the cohesion analysis, but now the
pore water pressures must be considered
separately from effective stresses as
indicated. In zones where the wall is
moving away from the soil the lateral
effective stressis givenby o', = K, (yz—~
u) where (yz — u) is the vertical effective
stress ata depth zbelow a free soil surface
inthe absence of wall friction. In zones
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where the wall is moving into the soil, o'y,
=K, (72 — u). The values of the earth
pressure coefficients K, and K, mightbe
evaluated so asto take account of the
effects of wall friction using the methods
of, for example, Caquot and Kerisel (1948)
or Sokolovski (1960). Bolton and Powrie

(1987) showed that the long-term collapse
of stiff model walls in centrifuge tests was
reliably predicted using this approach.
Under working conditions, a reduced
mobilised strength ¢’ should be used
to limit deflexions to an acceptable level.
The idealised pressure distributions fora

A v

0

(a) Rigid bulkhead rotating about the toe )

(b) Embedded wall rotating about the crest

6ey den

Compression
positive

Figure 4
Idealised strain
fields.
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Figure 5: Mobilised angle of shearing
resistance ¢,,,; as a function of shear
strainy for a sample of London clay in
conventional undrained compression

: (qﬂginﬂdagaf&bm Jardine etal 1984).
_ stiffunpropped wall are shown in Figure

1a. The equations of horizontal and
rotational equilibrium are used, as before,
to determine the two unknowns - the
depthofthe pivot point z, and the

- mobilised angle of soil shearing ¢’ mep

which is assumed to be uniform and equal
onboth sides of the wall.

Figure 2a plots the uniform angle of
shearing ¢’ necessary to hold a stiff
unpropped wall in equilibrium with a
penetration ratio d/h, and with or without
wallfrictiond’ /6’ = 0or 1. Relations are
given for the ratios of depth to phreatic
surface on the retained side (a)tothe
retained height (h) of 0 and 1. As with the
cohesion analysis, the pivot point was
found to occur about 8% up the wall
(Figure 2b)forthe case y / y = 3.0

The idealised working pressure

- distributions for a stiff wall propped atthe

crest are shown in Figure 1b. Assuming
that the angle of shearing resistance is the
same everywhere, Figure 3a plots this
value as a function of the embedment ratio
d/hfora/h'=0and 1,6 '/ ¢’ =0and l,
and 7/ ygx =2.0. Figure 3b gives values of
F/(Yap.h% asa function of d/h where Fis
the prop force in kN per mrun.

3. Deformation

AsinPartlof the paper, the concept of
mobilised soil strength canbe used to
assess the performance under working

‘conditions of stiff walls which are either

unpropped or propped near the crest.
And although the constant-volume
deformation mechanisms, used in Part
and repeated in Figure 4, should not
strictly apply where swelling will take
place, they have been found to offer
reasonable predictions of the long term




displacement of model walls in centrifuge
- tests (Bolton and Powrie, 1988).

. For free cantllevers, Figure 4amaystillbe

- used to characterise soil deformations

: above the point of pivot, which is quite

- close to the toe of the wall (within about 8%
of the total height).

Inorder to link shear &trains with effective
mobilised angles of soil shearing, data
such as that shown in Figure 5willbe
required, Although there will be some

 variation with over consolidation ratio and
test type — drained or undrained with pore

' pressure measurement, triaxial or plane
strain - Powrie (1986) found that an
undrained triaxial test carried out at the
smallest likely OCR gave a conservative
butreasonable lower bound. Itis then
possible to insert a trial geometry into
Figure 2in orderto deduce ¢’ o for
equilibrium, insert this into constitutive
data such as Figure 5to deduce shear
strain y, and to equate this to 26/
[0.92¢h+d)] so that the crest deflection
canbe found

ng.re4bcansmularly be used to ;
characterise deformations around a stiff
wall propped at its crest. Initial guidance
can then be obtained through the use of
Figure 310 obtain an initial estimate of the
mean mobilised soil strength ¢’ 0p. This
canbe inserted into Figure 5to obtaina
mean shear strain y, As before, the rate of
increase of shear strain in the passive zone
should be takento be (1+h/d) times thatin
the active zone leading to the earlier
“mobilisation of strength in the soil on the
excavated side of the wall, A first estimate
forthe change in wall rotation 41} would
be:

249 = Ay, =
sothat

24y./(2 + h/d)

49 = Ay /@ + Wd)

A more accurate assessment could be
made through a careful appraisal of

.| moment equilibrium about the prop, using .

/| earth pressure coefficients which

| correspond tothe local mobilised soil

| strength ¢’ mor taken as a function of
estimated shear strain in the zone
.concerned, In this way, variations with
depth of wall friction, soil strength, soil
stiffness, or pore pressure (arising from
permeability variations) could also be

- allowed for. The simplest techniqueisto .
. permit variation from the first estimate of
wall rotation 43, and to search for moment
equilibrium using a micro-computer

4 (a)Mobilized angle of shearing on the retained side @mob
25| .
200
1.l
3
Figure 6: g
Mobilised angle 10
of shearing @pmep ‘ é
on the retained S .
side and depth to 1S ah=0 ah=1  ah=0
pivotpoint dio=1"  F=0 §0=0
h+z '
h+d asa ‘ 0 1 L I ! 1 )
function of 0 ! 2 3 4 5 &
embedment ratio e z’f 8 Embedment ratio dh
d/h for o \
unpropped walls o8 | ah=1 ah=0 ah=1 h=0
withg = 25°in 512 =1 810'=1 sig=g  810=0
frontofthe walls _
above the pivot. 06 1 1 1 1 ‘3
0 1 2 hez 3 4 5 6
(b) Depth to pivot point mﬂ Embedment ratio d/h

routine. Alternatively, but more _
laboriously, aniterative hand calculation
will lead to the same result.

The nature of the so0il element tests which
should ideally be carried outin orderto
generate the required stress-strain data
hasalready been described in Part1. The
measurement of pore water pressures
during the test is necessary to obtain the
constitutive relationship in terms of
effective stress parameters (@' versusy).
Inthe absence of appropriate stress path
tests, the use of conventional triaxial
compression test datashould leadtoa
conservative result,

It can be shown, however, that for an
overconsolidated clay, a significant depth
of soil remaining in front of the wall below
formation level will be brought to passive
failure in the long term simply as a result of
the removal of overburden during
excavation. Under these circumstances it
may be appropriate to assume that the soil
in front of the wall mobilises a fully passive
earth pressure coefficient irrespective of
the strain. This considerably simplifies the
calculation, since consideration of
equilibrium leads to values of the earth

- pressure coefficientand hence the

mobilised strength in the rétained soil,
and to the force exerted by the props and
the bending moments induced in the wall.
The rotation of the wall may thenbe
estimated from stress/straindata :

_representative of the behaviour of the

retained soil only. The existence of earth
pressure coefficients close to the passive
limit in front of the wall, and in excéss of
the active limit behind the wall, is
consistent with field studies (Carder and

Symons, 1989) and finite element analyses
(Potts and Burland, 1983).

Figure 6aplots the mobilised strengthin
the retained soil as a function of d/h for stiff
unpropped walls, on the assumption that
the strength mobilised in the soil above
the pivot in front of the wall is 25°, for
Plyw=2.0,a/h=0and 1,and 6'/¢’sop = 0
and 1. Figure 6b, which gives values of

(h + z,)/(h + d), shows that there is, in this
case, arather more significant variation in
the pivot position than previously: from 6%
to 16% of the total height up from the base.

Figure Za plots the mobilised strength in
theretained soil, and Figure Zbthe non
dimensionalised prop force per unit
length F/(Y27h%), as a function of d/h for stiff
walls propped at the crestonthe
assumption that the strength mobilised in
the soil in front of the wall is 25°,.again for
ah=0and1,0'/¢’' =0and ],and
Pyw=230.

Example calculation

The methods described above willnow
be used to analyse the long term

- behaviour of the rigid wall first described
- in Part I with the' geometry shownagain in
' Figure 8. Note thatthe thickness of the

‘wallis neglected ‘shearohthe baseis not

includedin the calculations, The
constitutive relationship of Figure 5
presented as a curve of mobilised angle of

: shearing @mop vs soil shear strain y, willbe
: used for this purpose. PhasesIand I,

detailed in Part I, concerned undramed
soil behaviour during construction.

Phase III: Wall propped at the top,
establishment of Jong term pore water
pressures.
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The wa.ll‘has h=8mandd = 12mso |
¢/h = 1.5, The water table behind the wall
ias/ﬁm k())ezlgw the retained soil surface, so

Figures 2, 3, 6 and 7 have been calculated

on the basis of a groundwater level in front’

of the wall at formation level, so their use in
this case (with a slightly reduced
groundwater level in front of the wall)
should err onthe conservative side. An
angle of shearing can now be deduced
which would just keep the wall in
equilibrium if it were mobilised
throughout. Inserting d/h = 1.5 into Figure
dayields ¢’ = 17.5°fora’h = 0and §'/p =
lorg' =13.7°fora/h = land6'/¢’ = 1.
Linear interpolation between these values
gives @' mop = 16.6° for a/h = 0.28.
Inserting ¢’ = 16.6° into the stress-strain
data of Figure 5yields y; = 15X 10~°m
which can be treated as a mean mobilised
shear strain.

Again, the shear strainincrement on the
excavated side of the wall should have

been greater than that on the retained side

byafactorof (1 + IVd) = 1.67, so that

Yap = 1.67 y3,
Asbefore, taking

(Yap + v3a)/2 = 16x107°
givesys, = 11.3X 107, y5, = 18.8X10°

whichis consisteni accordingto Figure 5
with mobilising strengths of about 15°on
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tl}g retained side and 18° on the excavated
side. Ll o

These results are approximate, because
on performing an equilibrium check it will
be found that there is a small out-of-
balance resultant force acting on the wall,
Neglecting this, the long-term horizontal

displacement of the toe of the wall may be

calculated fromthe rotation in Phase IiI
following the installation of the prop:

03 = 2005 where ¥; = y3./2
03 = 20x11.2x10%2 = 112mm

The outward movement of the wall at
formation level is 8/20ths of this amount —
that is, 46mm. This can be takento be the
total outward movement during Phases II
and I1], since the soil strains induced in
Phase Il can be considered as assisting in
the mobilisation of strength in Phase I1I.

Alternatively, it might be assumed that the
mobilised strength in the soil on the
excavated side of the wall is 25°
throughout due to passive swelling.
Inspection of Figure 7 shows that a wall
with a penetrationratiod/h = 1.5 will
ultimately mobilise ¢"less than 5° on the

- retained side in these circumstances. ‘

Sincethisisactuallylessthanwas =~
mobilised in the short term after Phases ]
and I, the additional movement in Phase
Il would clearly be negligible. The true
state of the wall in the long term will lie

between the two estimates based on zero

: volume change and full passive swelling.
“'The prop force F; may be calculated using

Figure 3b assuming uniform mobilisation

cofg': v
F3/(Yaph?) = 0.68ford/h = 1.5,6"/¢p’ = 1
C o andah=0

Fy/(Yaph?) = 0.86 for &/h = 1i5, o'l =1

anda/h =

Interpolating, gives Fy / (Vajh?) = 0.65 for
&'/’ = land'a/h = 0,95

Thus Fy = 0.65 X 10 X 82 = 416kN/m run.

The additional refinement of satisfying
strain compatibility leads to a very small
modification, with F3 = 421kN/m.
However, the assumption of fully passive
conditions with ¢’ = 25°and 6'/¢p’ = 1
beneath the excavationleads to a prop
force F3 = 612kN/m, which willbe an
upper bound to the true value if the
passive earth pressure coefficient has
been correctly inferred.

The maximumbending moments in the
twoextreme casés can easilybe
calculated from the latéral pressure v
diagrams. Neglecting swelling, and using

. the undrained triaxial 'compression dataof

Figure 5to achieve shear strain
compatibility between the passive and

‘active zones, the predicted bending

moment would be 2360 KNnv/m, In. -
comparison, the bending moment with
@ passive = 25° beneath the excavation

~would be predicted to be 3350 KNnvm.

For design purposes, the “consistent
shear strain” method will produce
conservative over-estimates of rigid-body
wall movements in the long term, while the
“fully mobilised passive strength” method
will produce conservative over-estimates
of load effects induced in the structure.

Comparison with CIRIA
report 104

The sensitivity of lateral stresses, prop
forces and bending moments to the
assumptions made in their calculation can
bellustrated by considering the long-
termbehaviour of the rigid wall shown in
Figure 8. Design of the wall using the
“worst credible scenario” approach given
in CIRIA report 104; and assuming water
levels atthe ground surface onboth sides,
yieldsarequired depth of embedment
d'= 10m. The assumed soil properties and
anglesof wallfriction'd’ are shownin -

. |: Figure 9together with corresponding
' lumped factors of safety defined in various

ways. Values of prop force and maximum
bending moment have also been
calculated and are listed in Table 1. The




-first row of values was derived in
accordance with CIRIA report 104,
assuming fully mobilised active and
passive pressures acting over a reduced
depth of embedment. The succeeding
rows of values were derived using the
methods proposed in this paper.

- The initial ‘uniform ¢’y approachis . -

" Identical to using a ‘factor of safety on soil
strength’, and the mobilised angle of . .
sheanng resistance can be expressed

- using tan (¢’ mob) = tan (¢’ max)/Fs. Forthe
case under consideration, moment
equilibrium demands that @' e, = 31°. It
willbe seen from row 2 in Table I that this
assumption of a uniform mobilisation of
strengthleads to anincrease in predicted
load effects by about one third compared

_.withthe CIRIA method.

The third row of valuesin Table lis

- derived from the ‘consistent shear strain’
refinement of the mobilised strength

. approach. Here it was necessary to make

- assumptions regarding initial soil stresses
and stiffnesses, The effect of wall
installation was taken to reduce the initial

. earth pressure coeffment to unity, and the
relation between ¢’ op and shear strain

- wastaken from Figure 5.Anaverage

" shear strain of 24 X 103 was therefore
deduced for ¢’ yop = 21° For strain -

. compatibility the shear strain onthe
retained side y, would be 17 x 10~3
mobilising ¢’ yop = 17.6°% and the shear
strain on the excavated side would be 30
% 10~3with ¢’ o = 24°, whichis nearto
the peak value. If the iteration on mean
strain, which would be negessary to
satisfy both equilibrium and compatibility
exactly, is neglected, a first order estimate
of the horizontal displacement at the toe of
the wall can be obtained using é,, = (h+d)

. va/2 which gives 183mm. If that iteration is

- followed, it is found that y, = 16 X 103

Original ground level
0.0mOD

GWL. ~-20mO0D

Figure 8:
Example
calculation:
definition of
problem
geometry.

Oiaphragm wall ——-—j
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to --4.0m ODj before installation
\ of roof slab

=

Carriageway
level
-~8.0m0OD
Y

— o ot
— —
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. inside
-@xcavation
..~=9m OD

- With Q' jmop = 17° onthe retained sideand

¥p =29 X 107 with @’ ;o = 23° onthe

* excavated side, witha toe displacementof |’

144mm, The corresponding prop force
and maximum bending moment are listed
inrow 3 of Table 1.

To demonstrate the flexibility of the new
approach, consider now the effect of
assuming that the effective earth pressure
coefficient after wall installation fell only

to 1.5. This correspondsto an initial ¢’ yep
= 11.8° ina passive sense, acting in the
ground on both sides of the wall before
excavation. Since the previous assumption
of an earth pressure coefficient of unity
after wall installation almost led to fully
passive conditions beneath the

excavation, it willnow be taken that the
prior bias towards passive conditions will
guarantee their full achievement.
Consideration of equilibrium then leads at
once to the structural load effects listed in
the fourth row of Table l,andtothe -
deduction ¢’ o = 13.7°inan active sense:
onthe retained side; From I'iyure Sthis -
leadsto a shear strainincrementinthe

‘ retamed ground of apprommately 14'%

10-%anda correspondingtoe
displacement of about 126mm in the long.
term. A more careful assessment would, of
course, require the collection of stress-
strain data from appropriate load-unload-
reload loops. It should be recognised that
the effects of swelling beneaththe -
excavation will similarly lead to the more
rapid mobilisation of passive strength
beneath the excavation: once it has been
decided to permit full passive strengths to

- Table 1 Comparison of design assumptions and methods

Method Prop Force Maximum Bending Moment
(¢’ values) kN/m kN/m
CIRIA Report 104 280 1340
(seefigure 9)
uniform ¢’ o 360 1860
(@' momd = ¢'mob,p =21° - .
-consistent shear strains 390 2010
(@'moba = 1T° @ monp = 28°)
. fully passive beneath-excavation . 420 2140
(P mobia = 14°% @' menp = 88°) ¢ v o ,
. fully passive beneath excavation 460 < ‘2880 -

full wall friction (6°/¢" mop = 1) -
(Q'mob,n = g°, (P’m__ob.x; = 25

would be some uncertamty inthe
designation of fully passive pressures,
should the engineer wish to invoke them.
The final case considered in Table 1
explores this sensitivity. Here the angle of
wall friction is maximised, 8'¢’ = 1,
leading especially to larger passive
pressure coefficients which are fully

_invoked beneath the excavation, and to

the load effects listed in the fifth row of
Table 1.The correspondmg state on the
retained side is ¢’ mop = 8.7°, indicating an
approximate shear strain of 7.7 x 10~
and atoe deflection of about 70mm. It will
be appreciated that structural load effects
are now maximised while rigid body
displacements are minimised. Only under
these conditions would the projected wall

' movements be so small as not to warrant
 further concern: the pro ected bending

- moments are, however, 78%
I thoseadvp
. should be borne 1
' upper bound soil strength parametersi in
" determining fully passive pressures

% greater than
ted i ClRIArqport 104. Tt
that theuseof

beneath excavationlevel means thatno
further enhancementfactorsneed be -
appliedtothe resultmg bendmg moments

atequlhbnum et

Future grou.ndwater
conditions

There is currently some concerm over the
possible consequences of groundwater
pressures rising in clays, especially in
urban areas where the reduction of
industrial activity hasled to a decrease in
water abstraction from deep aquifers. In
the context of in situ retaining walls the
raising of water levels might lead to
increased lateral pressures in the retained
clay. This increase would arise from the
combined effects of an increase in pore
water pressure and an increase inthe
effective earth pressure coefficient
followmg swe]hng. If the structural system
were very stiff, these’ eased stresses’

- would create mcreased'bending moments
. and p:oppmg forces, If the structural -

‘system were more flexible, the additional
stresses might be relieved by further

GROUND ENGINEERING -+ MARCH -+ 1990

27




28

Original ground and ground water level 0.0m AOD

Roof slab acts as prop

4

W-—"_I—"-

Carriageway level and ground
water level — 8m AQD

¥ = 20kN/m3
o' = 25° h=8m
& . 2 L
5p
CIRIA Report 104 o

worst credible parameters

Desi h8
{Design approach 8) d=10m

Strength factor method Fy = 1,23

CP2 method Fp=143

Burland-Potts method Fr= 154

l— Diaphragm wall

~18m OAD

AY/AY IR

Figure 9:
Example
calculation;
assumed
properties and
calculated
factors of safety.

deflection of the wall, There is therefore a
risk of a serviceability failure in which
either the strength or the displacement
criterion is violated. Both classesof
behaviour are described in more detail by
Bolton, Powrie and Stewart (1987).

Provided that the pore water pressures
canbe estimated, there seems noreason
why the mobilised strength approachin
terms of effective stresses should notbe
used to analyse the response of the wall to
future changes in groundwater conditions.
Back-analyses of a centrifuge test
modelling an unpropped prototype wall of
10m retained height and 20m embedment
witharising ground water level tended to
overpredict bending moments: this would
suggest that if the mobilised strength
approach is erronepus under such
circumstances, it is at least conservative.
The effects on propped walls are
currently being studied in greater detail.

Where effective stresses are changing
significantly as a result of a globalrise in
groundwater levels, the effects of
volumetric strains on soil deformations
cannot be ignored. A first order
correction for volumetnc strains would be
to superimpose one-dimensional swelling
effects on to the shear deformations
predicted using the admissible strain

| fieldsof Figure 4. A more thorough

approach would involve the careful
selection of a swelling strain pathina
triaxial test, Burland and Fourie (1988),
from which effective stresses during
swelling could be measured. Consistent
shear and volumetric strains could thenbe
invoked with stresses satisfying overall
equilibrium of the wall in the general
fashion set out above.

Conclusions

1. The advantages of calculating the mean
mobilised angle of shearing resistance
which, when applied uniformly ina
Rankine-style stress analysis, provides
force and moment equilibrium for a stiff
retaining wall, have been demonstrated.
2.Inthe long term, clay soils drain and
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change their voxd ratio. Their strength

criterion is then best expressed in terms of ;

asecantangle of shearing resistance ¢’
based on éffective stresses. It hasbeen
shown that the use of undrained triaxial

- tests with pore pressure measurement
. provides data of the mobilisation of ¢’

with shear strain which canbe used to
estimate drained soil deformations. The
neglect of swelling beneath the
excavation Jeads to an under-estimate of
long term “passive” earth pressures and
thereby to an upper bound estimate of the
rotation of arigid wall and a lower bound
estimate of load effects in the structure.
The possible influence of a fully passive
condition due to long-term swelling
beneath the excavation has also been
demonstrated: this leads to a lower bound
prediction for long-term wall rotations, but
anupper bound estimate of structural load
effects, assuming that the fully passive
earth pressure coefficient can be
determined,

3. The use of full-depth triangular earth
pressure distributions with partially
mobilised strengths, rather thanthe
curtailed distributions of fully mobilised
strengths advocated in CIRIA Report 104,
leads to much larger predictions of long- ..
term bending moments, consistent with .

- measurements in model tests on relatwely,
' stiff walls. Furthermore, w i

proportioned according tothe CIRIA

‘ gmdelmes must apparently relyonthe

prior acquisition of passive conditions -
beneath the excavation if they are notto
displace significantly. :
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" H<'total heiglitof wall =
* Kq - active earth pressure coefficient. -

List of Symbols Part II

a - depthto phreatic surface below ground level on
retainedside. -
d - depthof wall penetmtion below ground levelon

+ excavated side.

F - prop force per unitlength.
F,, ~ factor of safety by Code of Practice method.
F, - factor of safety by Burland-Potts method.

: Fy— factor of safety by strength method.

h-retained height, - -
h+d

K, - initial in situ coefﬁcient of earth pressure at rest,

Ko passxveeaxthptessurecoetﬁciem

- Ky=mobilised active earth pressure coefficient,
1K= mobﬂisedpasslveemhpressureooemciem
| : 'u~porewater pressure, . ;

i - depthbelowatreesollsurtace

2z, - depth to point of rotation belaw ground levelon
excavatedside, '

: P -ghear straih,.

" 9 < unitweightof soll

7w~ unit weight of water.

6 - wall displacement.

¢’ - angle of wall friction.

1 - angle of wall rotation.

oy, - horizontal effective stress,

oV - vertical effective stress.

¢’ - angle of shearing resistance.

P - critical state of shearing resistance.
Pman — Mobilised angle of shearing resistance.
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