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There are many methods for the analysis and design of
embedded cantilever retaining walls. They involve various
different simplifications of the pressure distribution to
allow calculation of the limiting equilibrium retained
height and the bending moment when the retained height
is less than the limiting equilibrium value, i.e. the service-
ability case. Recently, a new method for determining the
serviceability earth pressure and bending moment has
been proposed. This method makes an assumption defin-
ing the point of zero net pressure. This assumption implies
that the passive pressure is not fully mobilised immedi-
ately below the excavation level. The finite element ana-
lyses presented in this paper examine the net pressure
distribution on walls in which the retained height is less
than the limiting equilibrium value. The study shows that
for all practical walls, the earth pressure distributions on
the front and back of the wall are at their limit values, K,
and K, respectively, when the lumped factor of safety F, is
<2-0. A rectilinear net pressure distribution is proposed
that is intuitively logical. It produces good predictions of
the complete bending moment diagram for walls in the
service configuration and the proposed method gives
results that have excellent agreement with centrifuge
model tests. The study shows that the method for deter-
mining the serviceability bending moment suggested by
Padfield and Mair' in the CIRIA Report 104 gives excellent
predictions of the maximum bending moment in practical
cantilever walls. It provides the missing data that have
been needed to verify and justify the CIRIA 104 method.

NOTATION

length of embedded part of wall or embedment depth
depth of point O below excavation level

Young’s modulus of elasticity

factor of safety defined by King?

factor of safety on gross passive pressure

factor of safety on strength

factor of safety on net available passive resistance
height of retaining wall or depth of excavation

o0 TR

= o

Cross-section second moment of area

x o~ =

o

minimum active horizontal earth pressure coefficient

e

maximum passive horizontal earth pressure coeffi-
cient

&

initial earth pressure coefficient at start of finite
element analysis

o

point at which the force R is assumed to act
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Pa horizontal earth pressure at excavation level

1 maximum horizontal earth pressure on excavation
side of wall

D horizontal earth pressure at bottom of wall

R net force acting below point O

S slope of the net pressure distribution below excava-
tion level (= p,/x)

x depth below excavation level of zero net pressure

y depth below excavation level of maximum pressure
(p1)

z depth below original ground surface

€ depth above bottom of wall of zero net pressure

g =¢ld

Y bulk unit weight

I. INTRODUCTION

A cantilever sheet pile retaining wall consists of a vertical
structural element embedded in the ground below the retained
material. The upper part of the wall provides a retaining force
due to the wall stiffness and the embedment of the lower part.
The embedded cantilever wall obtains its ability to resist the
pressure of the retained soil by developing resisting earth
pressures on the embedded portion of the wall. Embedded
cantilever sheet pile retaining walls are frequently used for
temporary and permanent support of excavations up to about
4-5m high.

The distribution of earth pressure on the embedded part of the
wall is dependent on the complex interaction between the wall
movement and the ground. Many methods for analysis and
design of embedded cantilever walls have been proposed and
these have been reviewed by Bica and Clayton.’ Each method
makes various assumptions concerning the distribution of earth
pressure on the wall and the deflection or wall movement. Most
of the methods are limit equilibrium methods based on classical
limiting earth pressure distributions. Model studies on embedded
walls have been performed by Rowe,* Bransby and Milligan,”
and Lyndon and Pearson.® Bica and Clayton’ have produced
some empirical charts for the design of cantilever walls.

King® suggested a semi-analytical limit equilibrium approach
for dry cohesionless soil, involving different assumptions from
the previous methods. King’s method is based on centrifuge test
results. Using finite element studies, Day® proposed an
improvement of King’s method for the prediction of the limit
equilibrium depth of excavation.

Earth pressure on cantilever walls at design retained heights
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For safety, walls must of course be designed for conditions
where the excavation depth is less than the maximum for
stability. Fundamentally, the designer needs to assess the earth
pressure on the wall and hence the bending moment distri-
bution on the wall at service conditions with the as-built
geometry. Current limit equilibrium methods used for calcu-
lating the bending moment at service conditions are based on
earth pressure distributions assumed to be at their limit values
(K, and K,) and the use of various factors of safety.

Many authors (e.g. Day,? Fourie and Potts®) have shown that
the earth pressure at the maximum stable height of excavation
is closely approximated by a rectilinear pressure distribution.
This paper investigates the hypothesis that the earth pressure on
cantilever walls in their service condition can also be approxi-
mated satisfactorily by a rectilinear pressure distribution, which
can be predicted. Thus, the service bending moment distri-
bution is obtainable. It is important to note the subtle
difference between this hypothesis and other design meth-
ods.'%!! This hypothesis describes the actual earth pressure
at service conditions, whereas the design methods do not
specifically address the question of the actual earth pressure but
give techniques to calculate the design bending moment. A
series of finite element analyses of embedded cantilever walls
in dry cohesionless soil have been performed to provide data
for the study. The recommendations are also compared with the
results of a centrifuge model test.

I.1. Design methods

Limit state design philosophy is now commonplace in design
codes. The two limit states that are most important for retaining
wall design are the ultimate limit state and the serviceability
limit state. It is necessary to have accurate analysis tools to
enable assessment of these limit states. For structural design of
a cantilever retaining wall, the ultimate limit state bending
moment is the governing criterion. In some methods, the
service bending moment is multiplied by a partial factor or
model factor to obtain the ultimate bending moment."'

2. ANALYSIS METHODS

The basis of the limit equilibrium methods is the prediction of
the maximum height of excavation or the minimum depth of
embedment for which static equilibrium is maintained—the
limiting equilibrium situation. In this situation, the earth
pressure distributions are accurately described by the active and
passive limit values (K, and Kp). This is not the case for the
actual design condition. In the design or serviceability situation
the distribution of earth pressure on the wall is dependent on
the complex interaction between the wall movement and the
ground. Also, the earth pressure is such that equilibrium is
maintained. Some limit equilibrium methods for determining
the design or in-service bending movement are described
below.

2.1. Fixed earth method

The earth pressure distribution is simplified as shown in Fig. 1.
The lines marked K, and K, indicate the active and passive limit
earth pressure values. For ease of calculation, the force R,
representing the net force acting below the point O, is assumed
to act at point 0. Moment equilibrium about O yields the value
d,, required for stability. The penetration depth, d, is tradition-
ally taken as d=1-2d,,. Finally, a check is made to ensure that
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Fig. I. Simplified pressure distribution

the force R can be mobilised on the wall below point O.
Alternately, many software packages do not make these
assumptions. The correct location of the force R is used and the
extra depth required to develop it is calculated. The bending
moment diagram is calculated from the assumed pressure

K, \

distribution. The following methods have been used to
determine the service bending moment.

(a) The gross passive pressure is reduced by a factor of safety
(Fp) so that with the service geometry and the reduced
passive pressure the wall is at a state of limiting
equilibrium. The service bending moment distribution is
calculated from the resulting factored pressure distribution.
This traditional ‘working stress’ method has now been
superseded by the limit state design philosophy.

(b) For the given design retained height, the limiting equili-
brium depth of embedment is determined using unfactored
soil parameters. With this geometry and earth pressure the
bending moment distribution is calculated. It is assumed
that the maximum bending moment given by this calcu-
lation is approximately equal to that actually acting during
service in the design configuration. This method is
recommended by Padfield & Mair in CIRIA Report 104." It
will be referred to in the following discussion as the CIRIA
104 method.

2.2. General rectilinear net pressure method

Day® showed that the earth pressure distribution at limiting
equilibrium could be approximated by the rectilinear distribu-
tion shown in Fig. 2. The rectilinear distribution is characterised
by the parameters p,, p;, p, and y. For a given retained height,
h, there are four unknown values (d, p,, p, and y) if the
pressure behind the wall at the dredge level, p,, is assumed to
be equal to the active pressure limit. The minimum depth of
penetration and the corresponding pressure distribution that
just maintains stability (the limiting equilibrium solution) is
found from the equations of horizontal and moment equilibrium,
and from two assumptions.®

Earth pressure on cantilever walls at design retained heights
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Fig. 2. Rectilinear pressure distribution

(a) The limiting passive pressure, K,, is fully mobilised on the
wall immediately below the dredge level. This assumption
gives the gradient of the rectilinear pressure distribution
between p, and p,;, which is equal to y(K, — K,).

(b) Is given by equation (1)

¢ =% —00471n & +0-1
Td K,

For a given wall in the service condition, the embedment depth,
d, is known (in the design problem this would have been
determined by some other method, such as King’s method

described above). Thus, only one assumption is needed with the
two equations of horizontal and vertical equilibrium in order to
obtain the complete pressure distribution (p;, p, and y). King?
suggested assuming that the value of ¢ is constant and equal to
0-35. Other assumptions that could be made include the
following.

(a) Passive pressure below the excavation level is fully
mobilised even when not at the limiting equilibrium
geometry.

(b) The value of ¢ at all stages of excavation is known—but is
not necessarily constant.

(c) Passive pressure below the excavation level is reduced by a
factor, i.e. Ky/F.

3. COMPARISON OF METHODS

3.1. Gross passive pressure method

In the gross passive pressure method, the passive pressure on
the wall is reduced by the factor of safety F,. Hence, the
mobilised passive pressure below the excavation level is taken
to be K,/F,. This is similar to using assumption (c) in the
rectilinear net pressure method, in which case, the slope of the
net pressure distribution between p, and p; is equal to

7(Kp/F, — Ko). For the same value of F, the gross passive
pressure and the rectilinear methods (assumption (c)) will give
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the same net pressure and bending moment distribution from
the top of the wall to a depth y below excavation level (Fig. 2).
Below this point the methods will differ.

3.2. CIRIA 104

The CIRIA 104 method assumes that the maximum bending
moment for the design geometry is equal to the maximum
bending moment in a wall which has the same retained height
but with the limiting equilibrium embedment depth based on
unfactored soil parameters. Hence, the maximum service
bending moment is independent of the depth of embedment.
This implies that in the design geometry, passive pressure is
fully mobilised below the excavation level for a depth at least
below the point of maximum bending moment. This is similar
to using assumption (@) in the rectilinear net pressure method.
In which case, the slope of the net pressure distribution
between p, and p, is equal to y (K, — K;). Both the CIRIA 104
and the rectilinear method (assumption (a)) will give the same
net pressure and bending moment distribution from the top of
the wall to a depth y below the excavation level (Fig. 2).

3.3. King’s proposal
King” suggested for design, a factor of safety, F, defined as

x/h
F=tm.

Where c indicates the limiting equilibrium or critical value. At
limiting equilibrium when passive pressure is assumed to be
mobilised below the excavation level, we can write (Fig. 2)

r__
pa (K —K)
where p,=7hK,. Hence

Note that the value of (t/h). is dependent on the limiting earth
pressures (K, and K,) only. It is independent of geometry.

To calculate x/h in the design situation, King suggested using
assumption (b) and that & =0-35. Day® showed that a better
approximation for ¢" at limiting equilibrium is given by
equation (1). For the given value of h and the assumed value of
¢, the equations of equilibrium can be solved to determine the
value of x/h in the design geometry and hence F. From the
geometry of the rectilinear pressure distribution, equation (2)
and assuming the active pressure is fully mobilised yields

where S=(p,/x) is the slope of the line from p, to p,. Using
equation (4)

B T
F

The assumption that ¢’ is known implies that for retained heights
less than the limiting equilibrium height, passive pressure is
not fully mobilised immediately below the excavation level.

Earth pressure on cantilever walls at design retained heights
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Ko |2

2 distributions are compared
with the assumed distribu-

Wall stiffness

tions in the limit equilibrium
methods described above. In

¢+ degrees VF*  RFf  RST  VS§ RF RS VF RF RS VS
20 v v v v v v
25 v
30 v
35 v v v v v v v v v v
40 v
45 v
50 v v v v v v v v v v

the finite element analyses,
the pressure distribution and
bending moment were deter-
mined by ‘excavating’ ele-
ments from the mesh in front
of a 10 m deep wall. Details
of the mesh and boundary

*VF = Very flexible

TRF =Reasonably flexible
RS = Reasonably stiff
§VS =Very stiff

Table |. Finite element analyses performed

The slope of the line from p, to p; is given by equation (6), i.e.
the net pressure distribution below the excavation level is equal
to the limiting net pressure modified by the factor of safety.

4. FINITE ELEMENT ANALYSES

A series of two-dimensional plane strain finite element analyses
(Table 1) have been performed to determine the pressure
distribution on an embedded cantilever wall when the retained
height is less than the limiting equilibrium height. The pressure

conditions are shown in Fig,.
3. A range of values was
assumed for the initial ratio
of horizontal to vertical stress

in the soil (K,) before exca-
vation began (Table 1). Ana-
lyses by Fourie and Potts®
and by Day and Potts'” have
shown that the initial value of K, does not affect the failure
height of excavation. This is confirmed by the results of the
analyses presented here and by Day.? The analyses assume fully
drained conditions with pore pressures equal to zero and are
therefore applicable to the long-term condition. The Imperial
College Finite Element Program was used for the analyses.'

An elastic, perfectly plastic cohesionless Mohr Coulomb model
was used to describe the soil behaviour. The analyses were
performed with various fric-

Wall

tion angles, ¢’, of the soil
ranging from 20° to 50°
(Table 1). In each case, the

N angle of dilation was taken as

half the friction angle. The

bulk unit weight of the soil, y,

<8 equals 20 kN/m>. The Young’s

) modulus equals 5000 +

5000z kPa, where z is the

depth measured from the ori-

Lﬂ L

50 m

ginal ground surface. The

Poisson’s ratio equals 0-2.

In all analyses, the wall was

assumed rough and elastic
< with Young’s modu-
lus=2-1 x 10® kPa. The ana-

120 m

A lyses covered a range of
stiffness values (Table 2). The

Fig. 3. Finite element mesh (excavated elements hatched)

reasonably flexible and rea-
sonably stiff cases approxi-
mately bound the typical
range of walls used in prac-
tice from lightweight steel
sections and mini-pile walls

Table 2. Structural properties of wall

Geotechnical Engineering 149 Issue 3

Designation Inertia: m4/m Area: mz/m Stiffness, El: kl\lmz/m to stiff concrete diaphragm
VF 46-8 x 107° 113 x 1072 98 x 10° gau.sk;lThe very stiff tand very
RF e.g. 0-3m minipile @ 0-3m 9-4 x 107 2:00 x 1072 2:0 x 10* exIbie cases are extreme
RS e.g. |-2m diaphragm wall 468 x 10~* 526 x 1072 98 x 10° values.
VS 46-8 x 1072 244 x 1072 98 x 107

5. ANALYSIS OF RESULTS

The aim of the finite element
analyses was to investigate

Earth pressure on cantilever walls at design retained heights
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whether the rectilinear net pressure distribution is appropriate
for the design situation and, if so, could it be defined a priori.
From the 30 different analyses (Table 1), 96 earth pressure
distributions at various stages of excavation have been studied
(excluding the limiting equilibrium cases). The rectilinear
pressure distribution (Fig. 2) was fitted to the net pressure data
points (integration points) obtained from the finite element
analyses at each stage of excavation. The rectilinear best fit
approximation was found in the following way.

(a) The value of p, was determined using a least squares fit to
the bending moment data points above the excavation
level. The bending moment was used instead of the stresses
because the bending moment is very sensitive to small
changes in the pressure.

(b) Using this value of p,, the values of p;, p, and y were
determined by a least squares fit of the rectilinear pressure
distribution to the finite

5.1. Earth pressure distribution

Figures 4-7 show the net pressure distribution and correspond-
ing bending moment diagrams for four (of the 96 studied)
different cases (Table 3). Also shown on these figures are the
pressure and bending moment distributions assumed by King
(¢'=0-35), the F, method and the CIRIA 104 recommendation.

¢ degrees Ko Stiffness h: m F.

Fig. 4 35 0-5 VS 55 273
Fig. 5 50 20 VF 70 8-84
Fig. 6 50 0-5 VS 8:0 2-45
Fig. 7 50 20 VS 7-5 494

Table 3. Details of cases shown in Figs 47

element net pressure data
points over the full wall

length. The values of p;, °

p, and y were addition- 1T ¢=385

ally constrained so that pn Ko =05

the net horizontal force Stiffness: very stiff (VS)
and net moment on the s F=27

wall were zero. The 44

resulting best fit recti- s

linear net pressure distri-
bution satisfies both 6
moment and force equili-
brium. It is a close

approximation to the 8-+
data points obtained

Height: m

¢ Finite element

— Best fit

Proposed

- Fp method

. 9t
from the finite element
analyses. 10 T T T
—1000

Having determined the best
fit rectilinear pressure distri-
bution, the following were
determined from the values of
Pas P1, P2, ¥, and the wall

Pressure: kPa

Net pressure and bending moment distribution—example |

geometry, h and d.

(@) The mobilised active
pressure coefficient, K. T ¢=50
In all cases, the mobilised 2L K=20

active pressure coeffi- Stiffness: very flexible (VF)
F.=8-84

cient K}, was within a few
percent of the theoretical £
limiting values given by % 5+
Caquot and Kerisel.' L

(b) The mobilised passive
pressure coefficient
immediately below the
excavation level, Kj, that
is inferred by the recti-

. Finite element
—— Bestfit
—— Proposed
------ King
p
b —-— CIRIA104
p
p

- Fp method

linear pressure distribu-
tion between p, and p,

800 0 400
Pressure: kPa Moment: kNm/m

Fig. 5. Net pressure and bending moment distribution—example 2
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Fig. 6. Net pressure and bending moment distribution—example 3

In the first three cases (Figs
0 3 4-6), the best fit rectilinear
11+ ¢=50 { «  Finite element 1 pressure distribution is a
, 1 K=05 b Bestft reasonable approximat.ion to
3l Stiffness: very stiff (VS) | — Proposed the net pressure ar.ld gives a
F =245 very accurate bending moment
cdt ¥ King diagram. In the last case
%’ 51 —— CIRIA 104 (Fig. 7), the actlve.pressure .
D ; above the excavation level is
Te T F, method non-linear. It increases
7+ ' rapidly a couple of metres
above the excavation level.
8T P ) The rectilinear approximation
9RE-TT_____ L. R Ry 3 is not appropriate in this case.
10 kbbbt N T . . . ' The deviation of the actual
-1000 0 800 O 400 active pressure from the
Pressure: kPa Moment: kNm/m linear assumption results in
the maximum bending

moment being much greater
than that obtained from the
rectilinear assumption. The
mobilised passive pressure,

K}, obtained from the slope
of the line from p, to py, is

1+  ¢'=50 | . Finite element
ol K, =20
Stiffness: very stiff (VS)
F,=4.94
4+ b e King

Best fit

Proposed

CIRIA 104

—--—- F,method

also not correct. It is under-
estimated because the calcu-
lation is based on the
assumption that the pressure
on the active side of the wall
increases at a rate equal to
7K. Clearly, this is incorrect.
For the case illustrated, the
value of Kj, obtained from the
rectilinear approximation is

. 10-3 compared with the value
o of 26-2 obtained from fitting
2 a straight line to the passive

Pressure: kPa

Fig. 7. Net pressure and bending moment distribution—example 4

1.5
1.0 — G- OO +
e | o)
NS o)
05
L K,
L + 0.5
L O 20
0 SRS A . 1 . A
0 5 10
Factor of safety, F,

Fig. 8. Mobilised passive pressure—very flexible walls
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pressure data points. Both
values are considerably less
than the limiting value of
47-7."*

0 400
Moment: kKNm/m

It is useful to examine the
results of all of the cases
analysed by comparing the
mobilised passive pressure K’
obtained from the best fit rectilinear distribution with the
maximum value of K, given by Caquot and Kerisel.'* Figs 8-11
show the mobilisation ratio Kj,/K,, plotted against the factor
of safety F,.'> A mobilisation ratio equal to 1-0 indicates that
the theoretical limiting active and passive pressure states are
fully mobilised on the wall to some depth below excavation
level.

Figure 8 shows the results of all the cases in which the wall is
very flexible (VF). Except for three cases with high initial
stresses (K, =2-0), it can be seen that the limiting theoretical
passive pressure is fully mobilised on the wall (K},/K, = 1-0) for
all excavation levels studied. In the three exceptional cases, the
active pressure on the wall was non-linear (e.g. Fig. 7) and thus
the value obtained is not appropriate.

Earth pressure on cantilever walls at design retained heights

Downloaded by [ University of Queensland - Central Library] on [23/12/15]. Copyright © ICE Publishing, all rights reserved.



1.5

] X
g L

& [ Wall stifiness @ o
05 O VS o

F O RS
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Factor of safety, F,

Fig. 9. Mobilised passive pressure—K,=0-5

1.5
: Wall stiffness
L O RS
/N N NN ’N N
k& B O
& - o
I (o]
05 o]
i q
r (@)
0 L : L . . . | L
0 5 10
Factor of safety, F,

Fig. 10. Mobilised passive pressure—K,= [0

1.5 T
- Wall stiffness
I O vs
L O RS
1.0 ——KAK +X%—X—1— X RF
)\cﬁ i g + VF +
ot +
05 5] é
L o] N
I o x
3 Q
- a
0 A . A A L L L L
0 5 10
Factor of safety, F,

Fig. I'l. Mobilised passive pressure—K,=2-0

Figure 9 shows the results of all the cases in which the initial
stress K, =0-5. In all of these cases, the best fit active pressure
was equal to the fully mobilised limiting value given by Caquot
and Kerisel.'* The figure indicates that

e for flexible walls (VF and RF), passive pressure is fully
mobilised even at very large factors of safety

Geotechnical Engineering 149 Issue 3
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Fig. 12. Displacement of top of wall

o for stiffer walls (RS and VS), as the excavation depth
increases towards the limiting equilibrium depth (F, = 1), the
mobilisation ratio increases to 1-0.

For typical design situations, F; is less than or equal to 2-0, in
which case, active and passive pressures are fully mobilised on
the wall in the design situation.

Figure 10 shows the results of all the cases in which the initial
stress K, =1-0. The figure indicates that for flexible walls (RF)
the passive pressure is fully mobilised even at high factors of
safety. For stiffer walls (RS), passive pressure is not fully
mobilised until excavation is very near to the limiting
equilibrium depth.

Figure 11 shows the results of all the cases in which the initial
stress K, =2-0. In most of these cases, the active pressure
distribution remained non-linear (e.g. Fig. 7) until the factor of
safety was less than the typical design values. A linear active
pressure distribution did not mobilise until the excavation level
was very near the limiting equilibrium depth. However, for
some of the very flexible (VF) wall cases the active pressure was
full mobilised at high factors of safety (Fig. 5).

5.2. Wall movement

Wall movement is an important consideration for the design of
cantilever walls. The movement of the top of the wall, J, at
each excavation level studied is plotted in Fig. 12 against the
mobilisation ratio. This figure indicates that, in general, as the
movement increases the mobilisation ratio increases. The data
points fall into three distinct zones depending on the initial
stress. The walls in high K, soil have large movement (5/h > 1%)
even when the mobilisation ratio is small. Fig. 12 suggests that
a cantilever wall in high K, soil is unable to control the
movement to below acceptable levels. Walls in the low K|, cases
are seen to mobilise the full active and passive earth pressures
(Ky/K, = 1-0) with acceptable wall movement.

6. DISCUSSION

In typical design situations (F, < 2), cantilever walls in low K,
soils will fully mobilise the active pressure distribution on the
back of the wall (to a depth below the excavation level) and the
full passive pressure distribution on the front of the wall

Earth pressure on cantilever walls at design retained heights
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immediately below the excavation level. The simple rectilinear
pressure distribution gives a good approximation to the net
pressure and the bending moment. The pressure distribution,
and hence bending moment, can be calculated using the two
equations of equilibrium and the assumption that passive
pressure is fully mobilised below the excavation level.

For cantilever walls constructed in high K, soils, the active
pressure is generally non-linear and the passive pressure is
considerably less than the theoretical limiting value (Fig. 7). In
these cases, the net pressure and bending moment cannot be
determined for the typical design geometry. It is not until very
near to failure (Fig. 11) or for extremely flexible walls (Fig. 5)
that the rectilinear approximation using assumption (a) is
suitably accurate. However, in high K|, cases, it is likely that a
cantilever wall is unsuitable because the wall movement would
be too large.

For all of the very flexible (VF) wall cases (except for three
discussed above) the rectilinear approximation assuming full
passive pressure below excavation level gives a good estimate
of the bending moment distribution in the wall (e.g. Fig. 5). The
implication of this is that any ductile wall that is under-
designed for a higher bending moment applied to it would yield
causing the bending moment to reduce. The assumption of full
pressure mobilisation is therefore appropriate in the limit states
for strength and stability for all ductile walls.

6.1. Proposed design method

It is proposed that for the design of practical cantilever walls in
typical design situations with normal factors of safety (i.e.

F, < 2), the rectilinear pressure distribution using assumption
(a) is a good approximation to the net pressure and gives an
accurate bending moment diagram. That is

o the active earth pressure is linear with K, equal to the
theoretical value published by Caquot and Kerisel**

o the passive earth pressure (K;) immediately below the
excavation level is at the theoretical limiting value given by
Caquot and Kerisel.'*

With these two assumptions and the two equations of
equilibrium, the net pressure distribution and the bending
moment in the design situation can be determined. The
distributions calculated in this way have been plotted in
Figs 4-7 for comparison with the finite element data and the
other design methods. The proposed method gives excellent
predictions.

6.2. Comparison with CIRIA 104

The CIRIA 104 method implies that passive pressure is fully
mobilised below excavation depth for an unknown distance.
The pressure distributions for the CIRIA 104 method and the
proposed methods are the same from the top of the wall to a
depth y (Fig. 2) below excavation level. The bending moment at
any point in the wall is determined from the forces applied
above that point. If the maximum bending moment occurs
above the point p, (Fig. 2) then the maximum bending moment
predicted by the CIRIA 104 method and the proposed method
will be equal. If the point of maximum bending moment is
below p;, the CIRIA 104 method and the proposed method will
differ. In this case, the CIRIA 104 method gives a value of

Geotechnical Engineering 149 Issue 3

maximum bending moment that is smaller than the proposed
method.

The point of maximum bending moment is typically below the
point p, at low values of h/d. As h/d increases (F, reduces), the
distance y increases. The maximum bending moment occurs
above the point p, at higher values of h/d. Fig. 13 shows the
ratio of the maximum bending moments calculated from the
proposed method (Mp) and the CIRIA 104 (Mcria) method.
Except for walls with high factor of safety in low strength soils
(low Kp/K,), the two methods differ by only a few per cent. The
CIRIA 104 method produces an excellent prediction of the
maximum bending moment in typical design situations. A
comparison between the proposed and CIRIA methods for a
typical case is shown in Fig. 14.

6.3. Comparison with King’s method

King proposed that the earth pressure and bending moment at
the design geometry could be determined using the rectilinear
pressure distribution with the equations of equilibrium and the
assumption that ¢ =0-35. The equations of equilibrium, assum-
ing various values of ¢, give the relationships between x/h and
h/d shown in Fig. 15. Also shown in Fig. 15 is the locus of
limiting equilibrium points determined from equation (1). It
should be noted that at any depth of excavation, the value of
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Fig. I3. Comparison of maximum bending moment predictions
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Fig. 14. Comparison of proposed methods and CIRIA 04
method
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pressure

x/h is dependent only on the ratio of the mobilised pressures
K,/K,. Using equations (3) and (4)

The corresponding values of Kj,/K, are shown on the right-hand
scale of Fig. 15.

King’s assumption implies that as h/d increases the stress
conditions move along the ¢ =0-35 contour to the limiting
equilibrium point. Thus, the values of x/h and K/K, vary with
the excavation depth. However, the results of the finite element
analysis indicate that for most practical walls the passive and
active pressures are fully mobilised at excavation depths much
less than the limiting equilibrium. The value of K},/K, in the
design situation is the same as at the limiting equilibrium. This
implies that the value of x/h remains constant as h/d increases.
Therefore, the value of ¢ will increase and then decrease to the
limiting equilibrium point as h/d increases.

6.4. Comparison with King’s centrifuge test

Figure 16 shows the bending moment diagram determined by
the proposed method compared with centrifuge model test
data® and the other design methods. The value of F, for this
wall is 3-16. The proposed method matches the experimental
data extremely well and is considerably better than the other
three methods. For the reasons discussed above, the CIRIA 104
method gives an excellent prediction of the maximum bending
moment.

7. CONCLUSION

This study indicates that for practical cantilever walls with
typical factors of safety, the active and passive pressure in the
design condition can be assumed to be at the theoretical
limiting values given by methods such as Caquot and Kerisel.'*

A rectilinear net pressure distribution comprising three lines
provides a good approximation to the actual net pressure
distribution and bending moment diagram at excavation depths
less than the limiting equilibrium case. This pressure distri-
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Fig. 16. Comparison with centrifuge model test

bution may be calculated using the equations of horizontal and
moment equilibrium and the following assumptions

e active pressure is fully mobilised above and immediately
below the excavation level

e passive pressure is fully mobilised immediately below the
excavation level.

The results presented here provide verification and justification
of the method proposed by Padfield and Mair in CIRIA Report
104.! The CIRIA 104 method gives a very good prediction of
the maximum bending moment in the design geometry and the
CIRIA prediction is typically in error by less than a few per
cent.

The calculation of the maximum bending moment given by the
CIRIA 104 method may be simplified. Since the maximum
bending moment in a cantilever wall is dependent only on the
net pressure above that point, it is not necessary to calculate
the limiting equilibrium depth of embedment for the design
retained height. The maximum bending moment can be
calculated directly using the assumption that the passive
pressure is fully mobilised. The maximum bending moment is

1 1
Mmax = gKaV(a + h)3 - g })Va3
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where,

h
1=
n Kp/Ka !
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