
Design Considerations 

Prediction of Excavation 
Performance in Clays 

Recent progress in using finite 
element analyses to predict 
the performance of braced 
excavations in clays 
incorporates a generalized 
effective stress soil model to 
describe important aspects of 
clay behavior. 

ANDREW J. WHITTLE 

Finite element analyses were first applied 
to braced excavations by Clough et al., 1 

as well as by Christian and Wong, 2 and 
have now gained widespread acceptance 
through their capability to model complex con
struction sequences, and to incorporate de-· 
tailed site-specific properties of the structural 
system and surrounding soils. 

In principle, the finite element (FE) method 
offers a comprehensive tool for analyzing the 
multiple facets of excavation performance 
ranging from wall and support system design, 
to predicting ground movements and the ef
fects of construction activities such as dewater
ing, ground improvement, etc. Reliable predic
tions of ground movements around deep 
excavations are particularly important for deep 
excavations in urban environments since they 

are needed to assess the potential for damage to 
adjacent structures. 

Although finite element analyses are now 
widely used in practice (see Table 1), most of 
the reported comparisons between computed 
soil deformations and measured data represent 
back analyses of performance rather than pre
dictions. In these cases, input parameters for 
the analyses are calibrated against the meas
ured data using parametric studies based ei
ther on engineering judgment or simplified 
theories. Furthermore, while most authors 
achieve reasonable matching between com
puted and measured wall movements, they are 
rarely able to simulate the measured settle
ments. Uncertainties in the selection of engi
neering properties (strength, stiffness, flow 
and consolidation) are generally cited as the 
major sources of inaccuracy in numerical pre
dictions of ground deformations. In practice, 
these uncertainties arise from two sources: 

• Inadequate laboratory and field charac
terization of relevant engineering proper
ties; and, 

• Approximate representations of constitutive 
behavior used in the finite element model. 

Table 1 summarizes some of the characteris
tic features of finite element programs that 
have been applied in the analysis of braced ex
cavations. Significant advances in these analy
ses have been achieved using: 
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TABLE 1. 
Finite Element Software Programs for Excavation Analysis 

Program Type* Solution** Geometry Soil Model*** Reference Institution 

SOILSTRUCT Displacement Initial Stress 2-D HYP 3,4 US Practice 

STRUPL-2 Displacement ? 2-D E-P 5 Univ. of 
Milan 

ADINA/f Displacement Newton-R 3-D E-P 6 EPFL, 
Lausanne 

ROSALIE Coupled D-F ? 2-D 8-S 7 LCPC, Paris 

ICFEP Coupled D-F Initial Stress 2-D E-P 8 Imperial 
College 

FLACl Coupled D-F Explicit 3-D E-P, MCC 9, 10 UK Practice 

CRISP Coupled D-F Initial Stress 2-D MCC 11 Cambridge 
Univ. 

GNOME Total Newton-R 3-D 8-S 12 Cornell Univ. 

PLAXIS Coupled D-F Initial Stiffness 3-D E-P 13 Delft Univ. 

DIGDIRT Coupled D-F Newton-R 3-D MCC & Creep 14 Stanford 
Univ. 

JFEST Coupled D-F Newton-R 2-D HYP, MCC, 8-S 15 Northwestern 
Univ. 

ABAQUS Coupled D-F . Newton-R 3-D E-P, MCC, 16 MIT 
MIT-E3 

Notes: 
'Type: Displacement: displacement-based finite element analysis, does not model groundwater flow 

Coupled D-F: solves deformation & flow, can simulate partial drainage effects 
••solution: Numerical algorithm used to solve non-linear finite element equilibrium equations 
**'Soil Model: E-P: Elastic Plastic (Von Mises, Mohr-Coulomb or Drucker-Prager failure criteria) 

B-S: Bounding Surface plasticity (plastic strains occurs inside yield surface) 
HYP: Hyperbolic Elastic Law (after Ref. 17) 
MCC: Modified Cam Clay 
MIT-3E: a generalized stress soil model developed at MIT 

§Finite Difference . 

• Formulations that include coupling be
tween groundwater flow and soil defor
mations (the Coupled D-F in Table 1) and, 
hence, can simulate the effects of partial 
drainage for braced excavations; and, 

• Effective stress soil models that can repre
sent the non-linear stress-strain proper
ties of the (saturated) soil skeleton under 
general drainage conditions. 

Table 1 shows that much of the recent research 
has focused on improvements in the modeling 
of soil behavior, with a progression from sim
ple Elasto-Plastic (E-P) models, to Modified 
Cam Clay18 (MCC) and most recently Bound
ing Surface (B-S) plasticity models.19 Research 
work conducted on braced excavations in clays 
at the Massachusetts Institute of Technology 
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(MIT) has used a commercially available finite 
element analysis software program together 
with an advanced effective stress soil model re
ferred to as MIT-E3.20,21 

Researchers have followed two complemen
tary lines of study in1applying these "second
generation" finite element analyses for braced 
excavations. The first strategy is to evaluate the 
accuracy and consistency of predictions 
through comparisons with field measurements 
for well documented case studies, while the 
second uses numerical experiments to identify 
fundamental mechanisms and factors affecting 
the ground movements. 

The MIT-E3 Model 
The MIT-E3 soil model describes many ob
served aspects of the rate-independent behav-
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FIGURE 1. Summary of model predictions for undrained plain strain shearing of Ko-normally 
consolidated Boston blue clay. 

ior of K0-normally and lightly overconsoli
dated clays including: 

• Small strain non-linearity; 
• Anisotropic stress-strain-strength; and, 
• Hysteretic and inelastic behavior due to 

cyclic loading. 

Although the model formulation is rather com
plex, its fifteen input parameters can be evalu
ated from standard types of laboratory tests 
comprising: 

• One-dimensional compression tests with 
load reversals and lateral stress measure
ments; 

• Local strain or shear wave velocity meas-

urements (in laboratory resonant column 
or field cross-hole tests) to estimate the 
small strain, elastic shear modulus; and, 

• Undrained triaxial shear tests on Ko
consolidated clay in compression (at over
consolidation ratios [OCRs] equal to 1 or 
2) and extension (at an OCR equal to 1) 
modes of shearing. 

Whittle et al. have described the selection of in
put parameters for Boston blue clay (BBC) and 
have documented model predictive capabili
ties through extensive comparisons with labo-
ratory shear tests.22 · 

Figure 1 compares predictions of shear 
stress-strain behavior from the MIT-E3 and 
MCC soil models, with laboratory data from. 
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TABLE 2. 
Normalized Engineering Properties of BBC From the MIT-E3 Soil Model 

Shear Mode Parameter 

Lateral Earth Pressure 
Ratio 

Triaxial Compression Undrained Strength Ratio 

Direct Simple Shear Secant Shear Moduli 
at 
'Y = 0.001, 0.01, 0.1% 

Peak Shear Stress Ratio 
Shear Strain at Peak Stress 

Plane Strain Active Undrained Strength Ratio 
Axial Strain at Peak 

Plane Strain Passive Undrained Strength Ratio 

Axial Strain at Peak 

undrained plane strain shear tests on Ko
normally consolidated BBC. The measured 
data in plane strain compression(" active") and 
extension ("passive") tests (see Figure la) show 
important aspects of the stress-strength
strength anisotropy of BBC. In compression 
tests, the undrained shear strength ratio 
(suPSA! a'vc equal to 0.34) is mobilized at rela
tively small shear strains ('y less than 1 to 2 per
cent), and there is significant post-peak 
undrained brittleness. Much lower shear 
strengths (supsp/a'vc equal to 0.18±0.1) are mo
bilized in extension tests at large shear strains 
('Y greater than 5 to 10 percent). The MIT-E3 
model describes very accurately these charac
teristic features of the measured stress-strain
strength behavior. 

In contrast, the MCC model predicts a 
unique shear strength in all plane strain modes 
of shearing (SuPs/a'vc equal to 0.37) based on 
parameters selected from triaxial tests, which is 
only mobilized for shearing to large strain, 
critical state conditions. The MCC model also 
greatly underestimates the measured shear 
stiffness, especially in the extension mode of 
shearing, where predictions of linear stress
strain behavior reflect the elastic response for 
stress states inside the yield surface. 

Figure lb shows similar comparisons for 
undrained shear tests with principal stress ro
tations including: 
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Symbol OCR= 1.0 OCR= 2.0 OCR= 4.0 

Ko 0.53 0.69 1.00 

Surdrr'vo 0.33 0.58 1.10 

Go.001/<I'vo 375 425 490 

Go.01/rr'vo 200 230 265 

Go.,/rr'vo 80 105 120 

Thif<I'vo 0.21 0.41 0.77 

'Yp(%) 3.0 3.5 6.0 

SuPsN<I'vo 0.34 0.64 1.20 

Bap (%) 0.2 0.7 9.0 

Supsp/<I'vo 0.17 0.31 0.52 

Bap (%) >10 >10 >10 

• Direct simple shear tests (DSS) in a 
Geonor apparatus, in which the direction 
of applied principal strains is fixed at 45 
degrees to the vertical, while the direction 
of the principal stresses rotates during 
shearing; and, 

• Directional shear cell (DSC) tests with ma
jor principal stress increments applied at 
an angle, Sine, 45 degrees to the vertical. 22 

The measured data show small differences in 
the shear stress, T, mobilized along the hori
zontal plane for these two tests with maxi
mum shear stress ratios ranging from 
'TMAxlrr'vc equal to 0.18 to 0.21. The MIT-E3 
model matches very closely the measured 
data for both types of test, while MCC over
estimates the shear strength. 

Table 2 summarizes the normalized engi
neering properties of BBC as characterized by 
MIT-E3forthreeOCRsequal to 1.0,2.0 and4.0. 

Numerical Experiments 
Compilations of measured data26 and case his
tories27 emphasize the large number of factors 
relating to construction activities and soil con
ditions that can affect ground movements 
around braced excavations. In contrast, the de
sign of numerical experiments attempts to limit 
the number of parameters in order to facilitate 
the interpretation of the analyses so that the re-



sults can have practical application. Two large 
construction projects - the Central Artery and 
Third Harbor Tunnel (CA/T) Project in Boston 
and the Taipei Rapid Transit System in Taiwan 
can benefit from such analyses. Both projects 
include deep excavations (greater than 20 me
ters) supported by diaphragm walls and em
bedded in deep layers of soft clay. 

Figure 2 shows the geometry and lateral 
earth support that form the basis of the numeri
cal experiments. The analyses consider a pla
nar excavation with half width, w, equal to 20 
meters, and supported by a cast in-situ con
crete diaphragm wall of thickness, t, equal to 
0.9 meters, and length, L, equal to 40 meters, 
which is constructed in a very deep layer of 
clay. It is assumed that the construction of the 
diaphragm wall will not disturb the surround-

. ing soil and that full shear strength of the soil. 
can be mobilized at the soil-concrete interface. 
The excavation is braced internally by incom
pressible (rigid) supports spaced at equal inter
vals, h, of 2.5 meters. Installation of these sup
ports represents the ideal condition of a perfect, 
passive support system. This assumption 
greatly simplifies the interpretation of ground 
movements and avoids more complex aspects 
of soil-structure interaction (for example, the 
prestressing of cross-lot bracing, or shrinkage 
of cast in-situ floor slabs). The construction se
quence comprises the following steps: 

1. Soil is initially excavated to a depth, hu, 
without lateral support; 

· 2. The wall is propped at the surface and 
excavation proceeds to a depth, he; 

3. A second level of support is installed at 
a spacing, h (h less than or equal to he), and 
soil is then removed over a further interval, 
he; 

4. Step 3 is repeated until either failure oc
curs or the excavation reaches a total depth, 
H, of 40 meters. 

By varying the parameters h, he and hu, it is pos
sible to study a wide range of excavation se
quences. All of the analyses described herein 
assume that the lower supports are constructed 
"on-grade"- that is, with he equal to h. 

Figure 2 summarizes the ranges of the prin
cipal geometric parameters (L, h, hu) consid-

ered in this study. The wall length varies from a 
minimum value of L equal to 12.5 meters, 
which represents a short cast in-situ wall up to 
a maximum of L equal to 60 meters, which is 
significantly longer than the diaphragm walls 
currently proposed for deep excavations in 
Boston. The minimum support spacing (h 
equal to 0 meters) is referred to as the "perfect 
wall support" condition. In this case, wall de
flections can only occur below the base of the 
current excavation. Predictions of soil defor
mations associated with perfect wall support 
represent the minimum disturbance caused by 
the excavation. At the opposite extreme, the 
analyses consider walls braced at intervals of 
10 meters, which are referred to as "minimally
supported." The results presented herein as
sume an initial unsupported height (hu equal to 
2.5 meters). 

The analyses assume that there is minimal 
migration of pore water throughout the exca
vation process and, hence, that the soil is sub
ject to undrained shearing. Initial pore pres
sures are hydrostatic with the groundwater 
table located at a depth typical of conditions in 
Boston (dwequal to 2.5 meters) and full capillar
ity in the overlying clay. The clay is saturated 
and exhibits normalized engineering proper
ties that are typical of BBC. The diaphragm 
wall is modeled as an elastic material (proper
ties are given in Figure 2). 

Effect of Soil Model 
Figure 3 illustrates the role of soil modeling 
through predictions of lateral wall deflections 
and surface settlements for an excavation in a 
deep layer of Ko-normally consolidated clay. 
The analyses compare results for the MCC 
model, the most widely used effective stress 
model in geotechnical finite element analyses, 
with MIT-E3 for an experimental excavation 
with support spacing, h, at 2.5 meters. The fig
ure presents results at various stages of the ex
cavation down to a total depth, H, equal to 22.5 
meters. Although the predicted mode shapes 
of the wall are very similar for both soil models, 
there are large differences in both the magni
tude and rate of deflection with excavation 
depth. The MIT-E3 model predicts much 
smaller initial cantilever movements associ
ated with the high small strain stiffness of the 
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FIGURE 2. Model geometry, support conditions and excavation sequence. 
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FIGURE 3. The effect of the soil model on predictions of wall deflections and surface settlement. 
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FIGURE 4. The effect of the soil model on the maximum wall deflection and bending moment. 

clay, while the rate of deflection increases sig
nificantly as the excavation proceeds (see the 
top part of Figure 4). The condition at a total 
height of 22.5 meters corresponds to incipient 
failure, where further excavation is associated 
with very large displacements of the soil and 
wall. In contrast, the MCC model generates 
large initial cantilever movements, but much 
more gradual development of deflections with 
excavation depth. The rate of deflection pre
dicted by MCC is very similar to that for an 
elastic model of similar small strain stiffness. 

Figure 4 summarizes the maximum wall de
flection and bending moment as functions of 
the excavation depth. The results for the MCC 
model indicate that the rate of maximum wall 
deflection actually decreases as excavation 
proceeds, while the bending moment is ap-
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proximately constant once the bulging mode 
shape has developed (the same result applies 
for further excavation to a total height of 40 me
ters). In contrast, MIT-E3 predicts rapidly in
creasing wall deflections and bending mo
ments that reflect the development of a failure 
mechanism. 

Figure 5 illustrates this mechanism through 
contours of the maximum shear strain, 'Y, pre
dicted in the soil surrounding the excavation at 
a total height of 22.5 meters. Although the over
all magnitude of shear strains is relatively 
small ('Y less than or equal to 2 percent), the 
MIT-E3 model predicts a well defined zone of 
increased shearing extending from the base of 
the wall up through the retained soil (indicated 
by the shaded zone B in the left-hand part of 
Figure 5). The overlying soil forms a dead zone 
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(see zone A in the left-hand part of Figure 5) 
that is trapped between the deep seated move
ments in zone B and the rigid bracing system 
above grade level. There is no indication of a 
comparable deep seated failure mechanism in 
the MCC results (see the right-hand portion of 
Figure 5). 

Surface settlements around the excavation 
are of great practical importance in estimating 
potential damage to surrounding facilities. Fig
ure 3a reveals that there are large differences in 
the model predictions of surface settlements. 
There are several unrealistic features of the 
MCC predictions: 

• Significant upward movement of the wall 
occurs due to the relatively large elastic 
unloading of the soil within the excava
tion; 

• Maximum surface settlements occur at 60 
to 70 meters from the wall (that is, at more 
than three times the total depth); and, 

• Significant settlements and lateral dis
placements at locations very far from the 
excavation (more than 200 meters). 

In contrast, the MIT-E3 model predicts much 
more realistic settlement troughs compared to 
measured data29 in which maximum settle
ments occur within 20 to 30 meters of the exca
vation (i.e., comparable to the total excavation 
depth). There is negligible net vertical displace
ment of the wall and the surface movements 
decrease rapidly with lateral distance. The 
maximum surface settlements are approxi
mately 50 percent of the maximum wall deflec
tions. 

The results in Figures 3 through 5 show that 
the MIT-E3 model provides a significant ad
vance in the capabilities of the FE analyses to 
describe the development and distribution of 
ground movements with excavation depth. 

Effect of Wall Length 
Figure 6 compares the lateral wall deflections 
and surface settlements computed at various 
stages of excavation in a Ko-normally consoli
dated BBC profile (using the MIT-E3 model) for 
two diaphragm walls with lengths of 20 meters 
and 40 meters (and support spacing of 2.5 me
ters). Apart from the initial cantilever move-
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ments of the unsupported walls, lateral wall 
deflections accumulate below the lowest brac
ing level. The deflected shapes of the walls are 
clearly affected by their embedded length. 
Maximum lateral deflections develop at the toe 
of the short wall (L equal to 20 meters), even for 
relatively shallow excavation depths (less than 
or equal to 10 meters), while the maximum de
flection of the 40-meter-long wall is associated 
with a point of contraflexure that occurs 8 to 10 
meters below the base of the excavation. Figure 
6 also includes the excavation geometry and 
deflected wall shapes at the stage immediately 
prior to failure - at excavation depths of 15 
and 22.5 meters for the 20- and 40-meter-long 
walls, respectively. The actual failure depths 
are difficult to estimate precisely since the 
analysis models finite excavation increments of 
2.5 meters. 

However, detailed interpretations of the 
data indicate that the mechanism of failure can 
be well defined from the development of shear 
strains in the soil and is controlled by ani
sotropic properties of the MIT-E3 model.21 The 
failure mechanism is affected both by the em
bedment of the wall and by the assumed exca
vation width (see Figure 2a). The results in Fig
ure 6 reveal that as the wall length increases 
from 20 to 40 meters, the failure depth increases 
by 50 percent. This additional stability is not 
considered in conventional calculations of base 
heave used for braced excavations. Although 
there are significant differences in the de
formed shapes of the two walls, the maximum 
lateral wall deflections, 8wMAX, are very similar 
at early stages of excavation, and differ by less 
than 30 percent, even for conditions close .to 
failure - at a depth of 15 meters for the 20-
meter-long wall. The results in Figure 3a also 
show that wall length has practically no effect 
on the development of surface settlements. 
Maximum lateral wall deflections increase 
from 8wMAx!H equal to 0.4 percent at early 
stages of the excavation to 0.8 percent at failure 
depth, Hf, and are comparable with field data 
reported elsewhere.31 

Effect of Support Spacing 
Figure 7 compares the behavior of "perfectly 
supported" (h equal to 0 meters) and "mini
mally supported" (h equal to 10 meters) 60-

meter-long walls in Ko-normally consolidated 
BBC (with an OCR profile equal to 1.0). For the 
perfectly supported case, wall deflections only 
accumulate below the current excavation level 
due to the assumption of rigid bracing. The de
flected shape of the wall and settlement trough 
are very similar to behavior reported in Figure 
3 (where the length is equal to 40 meters and the 
supports are spaced at 2.5 meters), with maxi
mum lateral deflections occurring approxi
mately 10 meters below the base of the excava
tion. A deep seated failure mechanism 
develops in the soil at 35 meters, accompanied 
by a vertical bearing failure of the wall itself 
(see the wall settlements in Figure 6a) and large 
lateral deflections and surface settlements 
(8wMAX equal to 340 millimeters, and WoMAx 
equal to 200 millimeters). 

For the minimally supported wall, large lat
eral deflections develop over the excavated 
height, with maximum deformations occur
ring close to the base of the excavation. Figure 6 
shows results at a total depth of 20 meters, 
where the wall sustains a maximum bending 
moment,MMAxequal to5 MNm/m (see Figure 
7), which greatly exceeds its flexural capacity, 
My. (For a 0.9-meter thick reinforced concrete 
wall, My is approximately equal to 1.5 to 2.0 
MNm/m.) Hence, wall failure controls the sta
bility of this minimally supported excavation. 

Although support spacing greatly affects 
the magnitudes of ground movements at a 
given excavation depth (see Figure 7), both of 
the examples in Figure 6 show maximum set
tlements occurring at a lateral distance x* equal 
to 0.75Hf to 1.0HJ behind the wall as failure 
mechanisms develop in the soil. 

Maximum Wall Deflections & 
Failure Conditions 
Results of the numerical experiments can be 
summarized in the form of prototype design 
charts for estimating lateral wall deflections 
and ground movements. For example, Figure 8 
shows the maximum lateral wall deflections as 
functions of the excavation depth and support 
spacing for three constant stress history soil 
profiles (OCRs equal tol.0, 2.0 and 4.0, and 
with engineering properties as listed in Table 
2). The chart assumes that wall length has mini
mal effect on pre-failure deformations (see Fig-
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ure 6) and that initial cantilever movements are 
small-hu less than or equal to 2.5 meters). The 
figure includes loci showing the failure depths, 

Hi, computed for walls of different lengths 
from 12.5 to 60 meters, and implicitly incorpo
rates observations of different failure mecha-
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FIGURE 9. A comparison of soil properties in composite profile with measured data from 
South Boston. 

nisms within the soil. Failure of the diaphragm 
wall can be evaluated from contours of the 
maximum bending moment, MMAx, compared 
to the capacity of the section, My, The following 
points should be noted from Figure 9: 

• For perfectly supported excavations in 
normally consolidated BBC (OCR equal 
to 1.0), maximum lateral wall deflections 
increase from '6wMAxlH equal to 0.3 per
cent at a depth of 10 meters to 0.7 percent 
at a failure depth of 32.5 meters. The cor
responding values for overconsolidated 
clay are 0.2 percent and 0.1 percent for 
OCRs equal to 2.0 and 4.0, respectively. 
These results represent minimum wall 
deflections that will occur without intro
ducing special construction measures to 
control deep seated movements in the 
clay. 

• Excessive bending moments (MMAX 

greater than or equal to 1.5 to 2.0 
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MNm/m) represent a more critical design 
condition than base stability for long 
walls (longer than 40 meters) with light 
bracing (supports at 5 meters). 

• The magnitudes of lateral wall deflections 
reported in Figure 7 tie in very closely 
with semi-empirical desi3n charts pro
posed by Clough et al.3 who relate 
'6wMAxlH to the factor of safety against 
base heave, FS,34 and system stiffness, SS 
equal to Elhwh4 (where 'Yw is the unit 
weight of water). However, the results in 
Figure 8 account more correctly for the be
havior of excavations in a deep clay layer, 
where ground movements are related to 
bending of the wall below the lowest level 
of bracing and base stability is controlled 
by the wall length. The charts in Figure 8 
give much greater resolution of wall 
movements as a function of excavation 
depth, support spacing and soil proper
ties than previous studies. 
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Generic design charts should be used with 
caution and are certainly not an adequate sub
stitute for site-specific calculations at sections 
where ground movements are critical in de
sign. There are a number of specific limitations 
noted in Figure 8 that should be reiterated: 

• The analyses apply to soil profiles where 
OCR is constant, hence strength and stiff
ness are proportional to depth; 

• The calculations assume a very deep clay 
layer and focus on a single wall stiffness 
and excavation width (see Figure l); 

• Compressibility of the bracing system and 
partial drainage in the clay will generally 
increase soil movements and reduce the 
stability of the excavation; and, 

• Cantilever movements can constitute a 
large component of the overall wall de
flections, especially for excavations less 
than 15 meters deep. 

Composite Soil Profile 
Predictions of ground movements represent an 

important aspect of design for critical sections 
of the proposed Central Artery highway in 
Boston, where excavations up to 25 meters 
deep are planned within the soft marine clay 
(BBC). The typical stress history profile (see 
Figure 9) comprises a thick overconsolidated 
crust overlying weaker deposits of "normally 
consolidated" (an OCR equal to 1.0) clay. Fig
ure 9 introduces a simple composite represen
tation of the profile using three clay layers of 
constant OCRs of 4.0, 2.0 and 1.0, which pro
vide a reasonable first approximation to the 
measured undrained shear strengths. How
ever, it should be emphasized that the numeri
cal experiments assume much deeper clay de
posits than actually exist in Boston. Predictions 
of excavation behavior using this C-profile can 
be conveniently related to behavior already es
tablished for the much simpler constant stress 
history profiles. 

Figure 10 compares the behavior of excava
tions for the composite and constant OCR soil 
profiles with vertical support spacing of 2.5 
meters (in the case of 60-meter-long excava-
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tion). The maximum ground 
movements, wall deflections and 
bending moments for the C
profile are initially (with an H less 
than 10 meters) in close agree
ment with the behavior for an 
OCR of 4.0. However, when the 
excavation reaches a depth of 25 
meters, where the soil becomes 
normally consolidated (see Figure 
2),. the maximum movements for 
the C-profile are already ap
proaching the values predicted 
for the constant OCR of 1.0 profile. 
This rapid transition in behavior 
(between depths of 10 and 25 me
ters) demonstrates very clearly 
the importance of deep-seated 
movements associated with prop
erties of the underlying clay. 

Failure for the C-profile occurs 
at 32.5 meters, which is slightly 
deeper than previously reported 
in Figure 8 for an OCR of 1.0. Al
though the underlying normally 
consolidated clay has a dominant 
influence on the base stability and 
heave inside the excavation, the 
overconsolidated clay crust does 
reduce significantly the maxi
mum bending moments and sur
face settlements of the surround
ing soil compared to the OCR of 
1.0 profile. 

Case Studies of 
Excavation Performance 
Although numerical experiments 
can provide important insights 
into the factors affecting excava
tion performance, there is no sub
stitute for using well documented 
case studies as a method of evalu
ating predictions of theoretical 
analyses. The modeling of a real 
excavation is a very challenging 
task that must address uncertain
ties in the site conditions (i.e., stra
tigraphy, engineering properties 
of the soils groundwater condi
tions) and identify the main con-
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During the excavation, 
dewatering was accom
plished using a combination 
of sump pumps and deep 
well points located inside 
the excavation area. The site 
was extensively instru
mented due to the unusual 
depth of the excavation, un
certainties in the groundwa-
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FIGURE 13. A comparison of the predicted and measured lateral 
wall deflections at Post Office Square. ter conditions, and the close 

proximity of adjacent struc
struction activities that cause ground deforma
tions or flow. Detailed assessment of the model 
is only possible through careful selection, 
placement and monitoring of field instru
ments. In the last five years, the MIT geotechni
cal group has performed two detailed case 
studies at well instrumented sites: 

• Post Office Square Garage in Boston;27 

and, 
• The World Trade Convention Center in 

Taipei.35 

Work is currently in progress on three other 
case studies in Boston. 

Post Office Square Garage. Figure 11 (on page 
80) shows a partial section through the seven
story underground parking garage at Post Of-

82 CIVIL ENGINEERING PRACTICE FALL/WINTER 1997 

tures.37 The site investigation showed signifi
cant reductions of the piezometric head within 
the clay, till and underlying argillite (see Figure 
11). A very limited laboratory test program fo
cused on the stress history profile within the 11-
meter thick layer of BBC (see Figure 11). 

The site stratigraphy, material properties 
and initial groundwater conditions for the fi
nite element model were all selected based on 
information provided prior to construction. 
The analysis considered an average cross
section, consistent with the spatial variability 
of the soil layers and uncertainities in the engi
neering properties of the individual strata. The 
behavior of the clay layer was described by the 

· MIT-E3 model (see Table 1 and Figure 2). How
ever, much simpler elasto-plastic soil models 
were used for the fill, sand, till and argillite lay-
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ers due to the lack of laboratory test data on 
these materials. 

Figure 12 ( on page 81) presents the construc
tion sequence used in the finite element model 
based on the actual record of site activities. The 
development of this model requires significant 
engineering judgment in the representation of 
average excavation depths, pore pressure· 
boundary conditions (due to pumping within 
the base of the excavation), and modeling of the 
floor slab stiffness (which varies with time due 
to curing of the concrete). 

Figures 13 and 14 compare the predicted and 
measured lateral wall deflections and surface 
settlements at three stages of the excavation 
(Stage 10 is the initial unsupported cantilever 
phase). Careful evaluations of the base case 
analysis showed that there were two factors not 
properly considered in the finite element 
model: 

• Shrinkage of the floor slabs, which con
tribute significantly to the measured lat
eral wall deflections; and, 

• Piezometric pressures in the underlying 
bedrock are not affected by the excava
tion. 

Once these two factors were included in a 
modified analysis, much more consistent 
agreement was obtained between the pre
dicted and measured wall behavior. Although 
it is interesting to speculate on further para
metric studies to refine the analyses, the only 
rational basis for such calculations is through 
improved laboratory characterization of the 
soil deformation properties (particularly the 
sand and till layers). 

Taipei World Trade Convention Center. Figure 
15 (on page 84) shows a partial section through 
the 12.1-meter deep excavation for the Taipei 
World Trade Convention Center, a 10-story
high steel frame structure with a 2-story base
ment, constructed using a conventional 
bottom-up procedure. Lateral earth support 
was provided by a 0.9-meter thick perimeter 
concrete diaphragm wall temporarily braced 
by three levels of pre-stressed steel struts. The 
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first two levels of struts spanned the full width 
of the site, while the. third level struts were 
braced against the inner wall of the basement. 
The excavation was further stabilized by soil 
berms that were left in place until after the third 
level of struts was installed. Dewatering of the 
site was accomplished using shallow sumps 
within the excavation. In the subsequent con
struction of the convention center, the structure 
was supported on a mat foundation with the 
basement floor slabs bracing the diaphragm 
wall. There was no provision for long term 
under-drainage of the foundation slab. 

The site is located on the eastern part of the 
Taipei basin, and is underlain by deep deposits 
of silty, low plasticity clay (typical of Kl condi
tions of the Sungshan formation38) that extend 
to a depth of 45 meters. At depths greater than 
15 meters, the measured pore pressures are be
low hydrostatic due to regional drawdown ef-
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fects from deep well pumping. Two sections of 
the excavation were heavily instrumented in 
order to gain insights into the performance of 
excavation in the Taipei clays for on-going con
struction of a nearby subway line (Nankang
Panchiao; part of the Taipei Rapid Transit Sys
tem). 

An extensive program of laboratory consoli
dation tests showed that there was a 15-meter 
thick overconsolidated clay crust within the 
upper (zone IV) clay layer. There were much 
more limited data available for the lower zone 
II clay layer (30 to 45 meters). Input parameters 
for the MIT-E3 model were determined from a 
special program of laboratory triaxial tests per
formed on samples from the zone IV clay. The 
subsequent finite element analyses assumed 
that the zone II and IV clays exhibit the same 
normalized engineering properties. As in the 
preceding study, the finite element simulation 
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of the excavation sequence (see Figure 16) was 
based on the actual record of construction ac
tivities, and there was no attempt to correlate or 
adjust input parameters to improve agreement 
with the measured data. 

The analyses tended to overestimate the 
measured wall deflections (measured 8wMAX 
equal to 70±5 millimeters, versus predicted 
8wMAX equal to 80 to 90 millimeters depending 
on stress history) but were in good agreement 
with the measured surface settlements and 
strut loads. The field instrumentation also in
cluded measurements of pore water pressures, 
u, and total lateral stress, ah, using a series of 
piezometers and earth pressure cells mounted 
on the inside and outside faces of the dia
phragm wall (see Figure 15). Figure 16 shows 
detailed comparisons between the predictions 
and stress measurements at the specific in
strument locations throughout the excavation 
history. Predictions of the pore pressures and lat
eral earth pressures at five elevations in the re
tained soil were generally in excellent agreement 
with the measured data. The agreement in the 
lateral earth pressures during the first five stages 
of the excavation was truly remarkable. How
ever, the analysis did overestimate the lateral 
stress measured by the upper level stress cell (at a 
depth of 2.8 meters) at subsequent stages of the 
excavation, and consistently predicted larger re
ductions in pore pressures for the instruments at 
depths of 12.8, 18.0 and 24.2 meters. 

Further refinement of the analyses could 
definitely be achieved by revising the selection 
of input parameters for the lower zone II clay 
(based on further laboratory tests). However, 
the Taipei case study showed that consistent 
predictions of excavation performance could 
be achieved using the proposed finite element 
analysis without recourse to parametric itera
tion. 

Concluding Remarks 
The results of recent research can be used to de
velop more reliable finite element predictions 
for braced excavation performance through a 
combination of case studies and numerical ex
periments. Improvements in soil models are es
sential in this application, especially in estimat
ing distributions of ground movements. 
Predictions for well instrumented case studies 
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are essential to establish the capabilities of the 
proposed analyses. However, the role of soil 
modeling is easily masked by the myriad pa
rameters that can affect the field performance. 
In contrast, well conceived numerical experi
ments can assess contributions of individu.al 
parameters and also provide more fundamen
tal understanding of the mechanisms control
ling ground movements. 

At present, the scope of the numerical ex
periments is being expanded in order to inves
tigate the effects of factors such as partial drain
age on the predicted ground movements. The 
case studies currently in progress (associated 
with the CA/T Project) include modeling of 
more complex bracing systems such as 
prestressed tie back anchors within the clay. Re
cent improvements in modeling the behavior 
of sands and silts39 will be incorporated in fu
ture studies and should greatly expand the ca
pabilities to model engineering properties for a 
more diverse range of soil types. 
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