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FINITE ELEMENT ANALYSIS OF BRACED EXCAVATIONS IN SOFT CLAY 

L’ANALISE PAR ELEMENTS FINIS D’EXCAVATIONS SOUTENUES DANS DES 
ARGILES MOLLES

AS. Fourie

Associate Professor 

University of the Witwatersrand, Johannesburg, South Africa

SYNOPSIS: T he analysis o f a braced excavation in soft clay, supported  by a sheet-pile wall is described. A  range o f  geom etrical and m aterial property 

param eters w ere varied. T he resulting displacem ents o f  the  sheet-pile wall and th e  adjacent soil surface, as well as th e  supporting stru t loads w ere 

quantified. T hese analyses assum ed undrained conditions, and th e  clay was m odelled using a  M odified Cam-clay constitutive model. Com parisons o f the 

numerical predictions with em pirically derived values showed th a t the  la tte r usually provided conservative estim ates o f th e  stru t loads. T here  were, 

however, a  num ber o f significant exceptions. In particular, the  m ajor influence that a delay in installation o f stru ts has on the  eventual stru t loads was 

highlighted. T he width o f  the  excavation, and the  depth  o f  soft clay below the  excavation w ere also shown to have a  m arked effect on stru t loads as well 

as overall stability o f the  excavation.

IN TR O D U C T IO N

In many cities o f th e  world, the  developm ent and im provem ent of 

infrastructure often requ ires deep excavations being m ade in very 

confined spaces, e.g. the re  a re  often existing buildings in very close 

proximity to th e  requ ired  excavation. If the  excavation is to be  m ade in 

soft clays, it is essential tha t adequate  lateral support is provided to  the 

side o f the  excavation. This is necessary both to ensure stability o f the 

excavation itself, and to prevent dam age to adjacent buildings caused by 

excessive ground movem ents.

Excavations th a t requ ire  m ore than one  level o f horizontal support (be 

they stru ts o r anchors), a re  statically indeterm inate, and the  estim ation 

of likely stru t forces is usually based on som e form  of empirically derived 

design guide. Probably the  m ost commonly used technique for the 

estim ation o f stru t forces is th e  envelope o f m aximum likely forces 

described by Peck (1969). A pplication o f this m ethod to braced 

excavations in soft clay is illustrated in Figure 1.

The figure gives the  m agnitude o f  the  to tal p ressure acting on th e  side 

of the excavation, and the  resulting stru t forces in the  bracing are  

calculated using th e  so-called ’te rrito ria l’ approach, as illustrated in the
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length (Ŝ-Ŝ/2 taken ty middle 

strut
Fig 1. Em pirical approach for calculation o f stru t forces, (after 

Peck (1969)

A 1 L

Vs
\\ rfhr rftr î -Or
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figure. T hese  stru t force values a re  m eant to be  upper bound values, and 

it is unlikely that all the  m aximum stru t forces will occur simultaneously. 

T he m ethod is m ean t to provide a safe estim ate o f possible stru t force 

values.

A  range o f factors, such as stru t or wall stiffness, strut pre-stressing, and 

w idth o f excavation, am ongst others, may have an influence on the 

m agnitude of stru t forces that develop during excavation, as well as on 

m ovem ents o f th e  excavation and the surrounding ground. In this paper, 

the  finite e lem ent m ethod is used to evaluate the  m agnitude o f the 

variation o f the  above param eters, as well as to evaluate how they 

com pare with the  em pirical approach of Peck.

P R O B LE M  G E O M E T R Y

T he finite elem ent m esh used in this study is shown in Figure 2. It 

consisted o f 162 eight-noded isoparam etric elem ents, using reduced 

integration. T he boundaries AB and C D  w ere restrained in the 

horizontal direction, and BC was com pletely restrained from  movement. 

This represen tation  effectively m odels an excavation 11m wide. The 

geom etry was based on the excavation in soft clay at V aterland, Oslo, 

tha t has been reported  by the Norwegian G eotechnical Institu te (1962). 

A lthough som e non-hom ogeneity and layering was evident at the  

V aterland site, this was neglected in the  p resent study in o rder to
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simplify th e  problem  configuration as much as possible. T he soil was 

represen ted  as a uniform  clay deposit, with the  undrained  shear strength 

increasing from  4kPa at lm  depth to 73kPa at a depth o f 20m below 

ground level.

M O D EL LIN G  A PPR O A C H

T he retaining wall was m odelled as a linear elastic m aterial, with a 

bending stiffness E l o f 3600 tonne.m 2/m , to represen t a flexible, sheet- 

pile wall. N o jo in t o r ’slip’ elem ents w ere introduced betw een the  wall 

and the  soil. T he approach was ra th er to use very small soil elem ents 

adjacent to the  wall, and thus allow high stress gradients in the  vicinity 

o f the  wall, if required . T he wall was simply ’w ished’ in place, i.e. 

installation o f the  sheet-piling was not sim ulated, and the  installation 

process was assum ed to have no effect on the in-situ soil stresses. 

A lthough this is not strictly correct, the sam e procedure  was used for all 

analyses repo rted  in this paper, and  the  influence on the  results is likely 

to  be minimal.

T he soil was m odelled using a M odified Cam-clay constitutive law, and 

all analyses w ere carried  out under undrained conditions, but with both 

to tal and effective stresses being calculated. This is w here the  p resent 

study differs from  previous work by Clough and M ana (1976), who 

carried  out a very com prehensive param etric  study of braced excavations 

using a  von-M ises yield criterion for the  soil, restricting their analyses to 

to tal stresses. A lthough th e  results p resen ted  in this paper a re  restricted  

to short-term  conditions, the  analyses w ere carried  out in term s of 

effective and to ta l stresses to facilitate calculation o f the  long-term  effect 

o f po re  p ressure dissipation on stru t loads and ground movem ents.

T he soil p a ram eters used in this study a re  sum m arised below:

Poisson’s Ratio: 0.25 

Specific volum e a t unit pressure: 2.85 

Slope o f  consolidation line, X: 0.115 

Slope o f swelling line, ic: 0.026 

A ngle o f in ternal friction: 31°

S hear M odulus: 1600kN/m 2 

Bulk U n it W eight, y: 18.5kN /m 3

T he in-situ stresses w ere obtained by assum ing the  clay was norm ally 

consolidated, with the  value being estim ated  from  the  em pirical 

relationship K„= 1-sinp’.

S IM U LA TIO N  O F  C O N ST R U C TIO N

T he construction sequence tha t was followed was to sta rt with the  initial 

ground profile and the  retaining wall already in place (as m entioned 

above), and then rem ove the  clay in front of the  wall in horizontal layers. 

T o ensure num erical stability and convergence during the  rem oval of 

elem ents from  the  finite elem ent mesh, it was usually necessary to  carry 

out th e  ’excavation’ process over a  num ber o f analysis increm ents. 

Excavation o f elem ents was carried  out by sequentially rem oving rows of 

e lem ents in front o f th e  wall. Removal o f elem ents was sim ulated by first 

calculating th e  equivalent nodal forces arising from  the  stresses acting 

within these elem ents, and then applying those that acted on elem ents 

rem aining in the  m esh in their opposite sense as boundary conditions for 

fu rther increm ents o f th e  analysis. W ith increasing excavation depth, it 

was necessary to ’excavate’ a  row of elem ents over several increm ents of 

the  analysis. A  m aximum num ber o f 90 increm ents w ere found to be 

necessary. This occurred with the  analysis th a t assum ed a delay in the 

installation in the  stru ts (see  la ter). W ith the  exceptions outlined below, 

the  horizontal stru ts w ere ’installed’ a t th e  requ ired  depth  as soon as the 

excavation level reached th a t depth. S tru ts w ere sim ulated by applying a 

spring force o f the  requ ired  stiffness to  a finite elem ent node a t the 

relevant depth . T he reference value o f the  stru t stiffnesses was chosen 

as 8000 kN /m  length.

STA B ILITY  O F  E X C A V A TIO N

T he excavation o f clay from  in front o f a wall may result in such large 

deform ations o f the  base, as well as the  sheet-pile wall itself, that the 

retain ing  wall system may be regarded as having failed. This m ode of 

failure is usually refe rred  to as base heave, since upward m ovem ent of 

the  excavation base is usually very pronounced. T here  are  a num ber of 

techniques for calculating the factor of safety against base heave, 

(Terzaghi (1948), Bjerrum  and E ide (1956), and H enkel (1971). T he 

technique used in this paper was the Bjerrum  and E ide m ethod, which 

considers localised failure o f the base of the excavation, w ithout 

mobilising the  shear strength o f the soil up to the ground surface. T he 

soil behind the  retain ing  wall, above the base level o f the  excavation, is 

assum ed to act as a surcharge. Figure 3 below illustrates the im portant 

p aram eters that a re  used in the calculation of the factor o f safety.
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Fig 3. Calculation o f factor o f safety against base heave, (after 

B jerrum  et al (1956)

T he equation defining the factor of safety is:

F . S .  =--------- ?— £------

y . H * g - c a . ^

where:

N c = bearing  capacity factor determ ined from charts p repared  by 

B jerrum  and E ide, tha t take into account the  excavation 

geom etry and depth.

c  ̂ = undrained shear strength o f th e  clay a t and below excavation 

level.

y  = unit weight o f clay a t and above excavation level.
H  = depth o f excavation.

q = surcharge pressure, if any a t the  ground surface.

c, = adhesion on the  back face o f the sheet-pile wall above

excavation level

D  = depth below excavation to a firm layer.

This equation was used with, and without, adhesion on the  back of the 

sheet pile wall, and the  factors o f safety for the geom etry shown in 

F igure 2, and the m aterial p roperties outlined above, w ere 1.2 and 1.28 

respectively. T he analysis was repeated  for a depth below excavation 

level to a rigid layer o f 36.5m (the  results o f this analysis a re  discussed 

la te r in the  paper), and the  corresponding factors o f safety w ere 1.2 and 

1.23.

T he excavation should thus be stable. However, a fairly large zone o f soil 

in front of, and  below the  sheet-pile wall becom es plastic. F igure 4 shows 

contours o f m obilised strength for an excavation depth o f 7m. T he 

contours a re  in term s of effective stress strength param eters, w here S = 0 

im plies a s ta te  o f hydrostatic stress (i.e. zero  shear stress), and S = 1 

m eans the  available shear strength is fully mobilised. T he shaded zone 

in F igure 4 indicates the  soil that has reached an S value o f 0.99 or 

g reater. A lthough a failure m echanism , w herein the zone o f yield extends
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to the ground surface behind the  wall is not evident, a large am ount of 

soil has yielded, and stru t loads a re  likely to be large.

Figure 5 sum m arises the  results of the  analyses using the  m esh shown in 

Figure 2. F igure 5a gives the horizontal displacem ent o f the  retaining 

wall corresponding to excavation depths o f  lm , 3m, 5m and 7m. A s noted 

earlier, the  stru ts w ere installed as soon as the  excavation level reached 

the level o f the  stru t in question. T he vertical m ovem ent o f the  ground 

surface behind the  retaining wall is shown in F igure 5b. T he inset to 

Figure 5b shows the  variation of the  stru t loads with excavation depth. 

The retaining wall obviously acts as an em bedded cantilever until 

installation o f th e  first strut. T hereafter, m ovem ent o f the  wall away from 

the retained soil a t the  location o f the  top stru t is restricted, and the  wall 

begins to ro ta te  about the  strut, with m ost m ovem ent occurring below 

the strut level. In fact, as excavation proceeds, the  first stru t that was 

installed moves back into the  retained  soil, resulting in a decrease in the  

strut force, as shown in the  inset. T he maximum force in stru t # 1  

therefore occurs a t an early stage o f construction, w hereafter the  force 

decreases in m agnitude.

This illustrates an im portant aspect o f the  use of Peck’s envelope o f stru t 

forces, i.e. the  forces calculated from  this technique a re  the  maximum 

likely values, and do not necessarily have to occur at the  sam e tim e for 

all struts. Calculations o f retaining wall bending m om ents should take 

cognisance of this fact to ensure a realistic condition is being analysed.

A com parison o f the  maximum stru t forces p redicted  in the  above 

analysis a re  com pared with results obtained using Peck’s m ethod, in 

Table 1.

Table 1. C om parison of empirically calculated stru t loads with

num erical predictions.

STRUT SHALLOW CLAY LAYER 

(from Peck)

F.E.

PREDICTION

1 88 65

2 155 179

3 233 192

(all the  above forces are  in kN /m  length)

Com paring the  predictions using Peck’s em pirical approach with the 

num erical predictions shows that Peck’s m ethod provides a reasonable 

upper bound estim ate for struts 1 and 3, but in fact underestim ates the 

maximum force in stru t 2 by about 25%. This is contrary to the findings 

of previous analyses of this kind, e.g. Clough and M ana (1976), who 

reported that the  Peck approach provided upper bound estim ates to the 

com puted values for all stru t levels. This point is fu rther discussed la ter 

in the paper.

The rem ainder o f this paper describes results o f analyses in which 

various param eters w ere varied, and the  results com pared with those of 

the reference analysis (the  results of which a re  shown in Figure 5), as 

well as em pirical predictions, w here relevant. T he results of these

Fig. 5 Excavation induced m ovem ents o f sheet-pile wall and ground 

surface

com parisons a re  dealt with in th ree sections; one deals with the  effects 

of changing param eters relating to the struts, ano ther describes the effect 

of increasing the excavation width, and  the third section discusses the 

effect o f depth  o f soft clay below excavation level.

Effect O f Changing S tru t Param eters.

T he stru t forces predicted  using Peck’s approach are  intended to cover 

all possible scenarios relating to stru t param eters (stiffness, pre-stressing, 

etc.). In this section two additional analyses a re  reported . In the  first of 

these, each of the  th ree  struts w ere pre-stressed to 25%  of the maximum 

load predicted  by Peck, on installation o f the  stru t in question. T he o ther 

variation that was studied was to delay the installation o f a stru t until the 

excavation had reached the  level o f the next strut, e.g. stru t # 1  was only 

installed when the  excavation level reached 3m below ground level, (the 

level o f stru t #2 ).

T he effect these variations have on the  wall and ground m ovem ents is 

sum m arised in Figure 6, which only shows results for the  final excavation 

depth o f 7m below ground level. T he stru t forces (in kN /m  length) for 

excavation depths o f 3m, 5m and 7m are  given in Table 2. Included in 

T able 2 a re  the  results for an analysis w herein the stru t stiffness was 

doubled, with all o ther param eters kept constant.

It is obvious that the  pre-stressing sim ulated in this paper has only a very 

slight effect on wall and soil movements, as well as the maximum stru t 

forces that a re  developed. Doubling the  stiffness o f the stru ts has a m ore
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Table 2. S trut forces for various stru t param eters.

EXCAVATION 

DEPTH = 3m

EXCAVATION DEPTH 

5m

EXCAVATION DEPTH * - 7m

STRUT #1 STRUT /I STRUT

#2

STRUT

#1

STRUT

#2

STRUT

#3

Base run 65 63 127 30 179 192

Struts pre- 

streesed

66 58 132 27 178 204

Installation

delayed
- 146 - 95 146 -

Strut stiffness 

doubled

70 44 161 5 192 220

pronounced effect than a 25%  pre-stress. A  practical illustration o f the 

im portance o f this effect is provided by H ata  et al (1985). They 

m easured  displacem ents o f a braced excavation that w ere up to 4 tim es 

larger than the  p redicted  values fo r the  given stru t stiffnesses. The 

difference was attribu ted  to the  small gap a t the  contact points betw een 

the  stru ts and the  retaining wall. O f particular note in this respect are  

the  ground m ovem ents that occur adjacent to the  excavation. R eferring  

to F igure 6b, it can be seen that a 25% pre-stress serves to reduce the 

m aximum ground settlem ents caused by the  excavation by a  m ere  7%. 

Since probably the  m ajor reason for pre-stressing o f stru ts is to  reduce

ground movements outside the excavation, it" Can be seen that in soft 

clays the benefits may be much less than may be intended.

Delays in the  installation of the  stru ts has the m ost profound effect of 

the p aram eters studied in this section. T he maximum force in stru t # 1  

is increased by 130% (and surprisingly, the  maximum force in stru t # 2  

decreases), resulting in a force that is alm ost twice as large as that 

calculated from  Peck’s m ethod. It may be argued that a fairly extrem e 

condition was sim ulated, i.e. waiting until the  excavation level was 2m 

below the stru t level before installing the  strut. However, the analysis 

assum ed undrained conditions to prevail, and no account was taken of 

the  dissipation of pore pressures that would occur during the  tim e taken 

to excavate to the  lower level and install the  first strut. This pore 

p ressure dissipation would result in even larger soil and wall movements, 

and hence stru t forces, than those given in Table 2. A s an example, Gill 

et al (1991) quote horizontal m ovem ents o f 178mm of soldier piles 

supporting a 2.3m deep excavation in soft clay, that occurred when 

lateral support was not installed as required . In essence then, it can be 

concluded tha t a critical consideration in the  support of an excavation in 

soft clay is the  tim e at which the  stru ts a re  installed. Delays in stru t 

installation a re  likely to have much m ore effect on the  excavation 

perform ance than  increasing the  stru t stiffnesses, or even pre-stressing 

the  stru ts upon installation.

Effect O f Increasing T he Excavation W idth

U sing th e  technique o f Bjerrum  and E ide  discussed earlier, an excavation 

width o f 22m was analysed, with all o ther param eters the  sam e as in 

Figure 2. T he resulting em pirical factor of safety against base heave 

decreased from  1.2 to 1.1 for the  condition o f zero  wall adhesion, as 

com pared with an excavation width o f 11m. T he influence a grea ter 

excavation width has on the  retaining wall and adjacent soil m ovem ents 

is sum m arised in F igure 7. T he maximum stru t forces w ere found to 

increase by a maximum of only 6%, and the  prim ary effect appears to be 

the  increased wall deflections and ground m ovem ents that result with a 

w ider excavation. This is a ttributable to the  larger zone of soil that 

undergoes plastic deform ation for the  w ider excavation. R etain ing  wall 

deform ations appear to be particularly severely affected by the  increased 

excavation width, with the  maximum displacem ent increasing by 28% . An 

im plication o f this finding is that even though use o f the  Peck m ethod 

will give acceptable estim ates of the stru t loads, it may be necessary to 

adopt additional m ethods o f la tera l support in o rd er to limit 

deform ations o f the  wall itself and the  adjacent ground, e.g. the  use of 

an additional row of struts.

Effect O f D epth  O f Soft Clay Below Excavation Level

In this section the  effect o f the depth o f soft clay below the  final 

excavation level is exam ined. T h ree  additional analyses w ere carried  out. 

Firstly, a rigid base was assum ed a t the  toe  o f the  sheet-pile wall, and the 

to e  was fully restrained. T he rem aining two analyses assum ed a depth of 

soft clay below the  excavation level o f 36.5m. In both these cases the 

undrained  shear strength was assum ed to increase with depth a t the 

sam e ra te  as in the reference analysis. In one analysis the  stru ts w ere
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assumed to be infinitely stiff (i.e. at the  instant each of the  stru ts w ere 

installed, no fu rther displacem ent o f the  strut location was perm itted). 

In all o ther respects these analyses w ere the sam e as the reference 

analysis.

It was found to be im possible to excavate to the final level o f 7m below 

ground level in the case o f a deep clay layer with finite stiffness struts. 

No m atter how many increm ents w ere used in the  analysis, instability 

became inevitable as the  excavation depth approached 6.5m. T he factor 

of safety against base heave, using the  Bjerrum  and E ide approach was 

earlier shown to be 1.2. T he num erically predicted  instability is probably 

because the  com plete wall-soil interaction is sim ulated, and the  analysis 

is not restricted to  one  com ponent o f th e  continuum  behaviour (as is the  

case for the conventional heave calculation approach). W hen the  struts 

w ere m ade infinitely stiff, it was possible to  excavate to the  required  

depth of 7m.

The results of this part of the  study are  com pared with the  results from 

the reference run in F igure 8. T he wall displacem ents shown in Figure 

8a indicate that the  m ovem ents associated with a very shallow rigid layer 

are of the sam e o rder as those that occur with a deep layer. O f particular 

note is tha t the largest horizontal m ovem ents occur for the  reference 

analysis, which assum ed a relatively shallow depth  to the  rigid base. In 

the case o f the  rigid base at the  sheet-pile toe, the  deflected shape is a 

result o f the  lateral p ressure from  the  retained soil alone. T here  is no 

influence o f heave due  to  stress relief. F igure 9 com pares th e  vectors of 

accumulated displacem ent for the  deep clay layer and the  reference 

analysis, for a depth  of excavation o f 7m. A s can be seen, with a deep

Vector scale 32 cm

Fig. 9 V ectors o f accum ulated displacem ent; (a) reference analysis 

(b) deep clay layer, infinitely stiff struts

clay layer the  maximum displacem ents are  larger, and predom inantly  in 

an upw ard direction. F u rth e r evidence for this difference is evident in 

F igure 8b. T he profile o f ground displacem ent for the deep clay layer is 

com pletely different from  that for shallow dep ths o f clay. T he maximum 

m ovem ent occurs at the retaining wall interface, as a result o f the 

upward m ovem ent shown in Figure 9.
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T he associated stru t forces a re  sum m arised in Table 3, for an excavation 

depth  o f 7m.

Table 3. S tru t forces for various depths o f clay below excavation level.

STRUT /I STRUT #2 STRUT /3

Base run 30 179 192

Rigid base at toe 59 143 107

Deep clay layer 
infinitely stiff 
struts

-4 31 374

(forces a re  in kN /m  run).

T h e  difference in behaviour o f the th ree  cases analysed is em phasised by 

th e  above table. A  negative stru t force is predicted  for th e  upper stru t of 

the  infinitely stiff series. This occurs because the upper stru t prevents the 

retain ing  wall moving back into the retained  soil as the excavation depth 

increases. T he pattern  o f  m ovem ent illustrated in Figure 9 causes the 

lower stru t to be  the  m ost heavily loaded, with alm ost all the  lateral 

earth  p ressure being carried  by this strut. W ith a rigid base at the  toe  of 

th e  wall, the  deflected shape is bow-shaped, as illustrated in Figure 8a. 

Accordingly, the  maximum stru t force develops in the m iddle stru t (at 

3m depth). T he lowest stru t is relatively lightly loaded because som e of 

the  lateral earth  pressure is resisted by a m om ent at the  base o f the wall, 

which was assum ed to be fully restrained.

A lthough th e  analyses described in the  above section w ere of 

hypothetical problem s (e.g. infinitely stiff struts), the results serve to 

illustrate som e interesting  points. T he use o f infinitely stiff stru ts does 

not guaran tee  that ground m ovem ents adjacent to the excavation will be 

reduced to an acceptable level. T he condition o f zero overall volum e 

change of the  clay, as discussed above, m eans that the  deep-seated  

m ovem ent m ust m anifest itself as significant ground surface settlem ent 

adjacent to the excavation. A sim ilar reasoning applies to the  results that 

w ere p redicted  for the  very shallow rigid layer. A lthough the  base is 

com pletely restrained from  movem ent, the horizontal displacem ents of 

the  wall a re  relatively large. T he rem oval o f soil from  in front o f the  wall 

causes yielding of the  retained  soil, which is accom panied by large lateral 

m ovem ents w ere the  resistance is lowest, i.e. the  cen tre  of the  flexible 

sheet-pile wall.

D ISCU SSIO N  A N D  C O N C LU SIO N

T he results o f the analyses presented  in this paper provide som e 

in teresting  com parisons with the  em pirical approaches commonly in use 

at present. Although Peck’s m ethod usually provides conservative 

estim ates of stru t loads, the  num erical results indicate there  may be 

instances w here this is not so. T he prim e exam ple p resen ted  h ere  was 

the  effect o f delaying the  installation o f a stru t until the excavation depth 

reached a lower depth. Very large increases in stru t load w ere predicted. 

This despite the  fact that no pore p ressure dissipation was allowed 

during the  installation delay. An advantage of the  work described in this 

paper is that, because the  analyses w ere carried out in term s of effective 

stresses, it will be possible to predict the  additional displacem ents and 

stru t forces that occur as a  result o f pore pressure dissipation. This was 

beyond the  scope of the  presen t paper. Furtherm ore, as noted by Liao 

and N eff (1991), Peck’s m ethod is intended only for use with tem porary 

excavation support, and its relationship to long-term  lateral pressures 

needs to be clarified.

It was fu rther observed that under certain  circum stances (e.g. wide 

excavations), displacem ents of the retaining wall could be excessive, 

despite stru t forces that w ere consistent with Peck’s predictions. T he 

point is therefo re  not that Peck’s approach is deficient in any way, but 

ra ther that it m ust be applied with caution, particularly when site

conditions a re  d ifferent in som e way to the  conditions assum ed in the 

derivation  o f the  m ethod.
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