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Deep excavations

S.J. Boone

Golder Associates Limited, Mississauga, Ontario, Canada

ABSTRACT: This General Report reviews a selected group of papers related to “Deep Excavations” as part
of the 5th International Symposium on Geotechnical Aspects of Underground Construction in Soft Ground. The
themes of the reviewed papers include theory, design, performance prediction, performance measurement, and
performance analyses. Several unusual case histories and failure cases are also discussed and presented in brief as
they relate to the overall theme of the session. The papers were reviewed in the context of past conferences in this
series, the goals of Technical Committee 28, and important aspects for design, construction, and performance of
deep excavations. Concluding recommendations are made with respect to engineering principles and implications
related to publication of case histories for future conferences and evolution of the state of the art and practice.

1 INTRODUCTION

A total of twenty-one papers have been included under
the theme of “Deep Excavations.” Another six papers,
included under different themes, are also related to
issues associated with deep excavations. These papers
covered a range of familiar topics including:

– investigations and testing
– physical experimentation and theory
– design and performance prediction
– field performance
– unusual problems and solutions.

This General Report is not intended to summarize
all of the papers within this theme. A selected group of
the papers are reviewed to provide the context for draw-
ing general conclusions and recommendations related
to the subject of deep excavations.

2 REVIEW OF SELECTED PAPERS

In preparation of this General Report on Deep Exca-
vations, a group of papers included in the proceedings
of this conference was selected for review. The papers
were chosen since they highlighted important aspects
of investigations and testing, theory, experimentation,
design, or performance related to support of deep
excavations in urban environments. Many papers have
been included in this conference and within Session 6.
Attempting to summarize all the session papers was
considered to neither add value to this conference nor
result in a coherent and meaningful General Report. By
their omission in this report does not suggest that other

papers are not valuable contributions to this conference
and the topic of deep excavations. Rather, each paper is
valuable in its own right and the reader is encouraged
to examine them all.

2.1 Investigations and testing

Herbschleb et al. (2005) summarize the work under-
taken to define the ground conditions for the sta-
tion excavations associated with the new Amsterdam
North/Southline. A large number of in situ and labo-
ratory tests were completed to identify the stressstrain
characteristics of multiple soil types for different
stress paths. These test results were then used to
form the basis of sophisticated numerical modeling
to predict the response of the excavations and nearby
displacement-sensitivity historical structures.

Following significant research, the authors selected
a non-linear “hardening” constitutive model with con-
sideration of both loading and unloading stiffness
stress-paths to represent soil behavior. Field and labo-
ratory testing was completed using a variety of meth-
ods to obtain parameters consistent with the selected
constitutive model. Importantly, sufficient testing was
completed so that geotechnical parameter variations
could also be adequately characterized. Statistical
analyses of test results were also used to subdivide
geologic units.

Rodriguez (2005) presents a case history in which
geophysical testing was initially completed to support
a seismic site response study for a new commercial
development. Down-hole and cross-hole seismic geo-
physics were used to determine shear wave velocity
(Vs) profiles from which maximum shear modulus,
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Gmax, values could be assessed. When combined with
local correlations with SPT, Vs, G/Gmax degradation
curves, and experience with other projects, Rodriguez
(pers. comm.) found that selecting an elastic modu-
lus corresponding to strains on the order of 0.1 to
0.3% within the G/Gmax degradation curves to be
representative of the reference elastic modulus E50

applied in later numerical modeling using the harden-
ing model. Thus, the investigations using both conven-
tional and geophysical methods successfully captured
both the non-linear and small-strain properties of
the soil.

2.2 Physical experimentation and theory

Kusakabe and colleagues (2005) conducted research
related to lateral earth pressures on physical model
walls. Their work was similar in nature to many tests
that have been conducted over the last 70 years, except
these tests were conduced in a centrifuge. They exam-
ined the earth pressures that developed with different
modes of wall deformation including: rotation about
the bottom (RAB), rotation about the top (RAT), and
a sequence of displacement that included bulging of
the middle of the wall (wall displaced outwards in two
linear segments with bottom and top held in place)
followed by displacement of the top to match the
initial RAB profile. This work produced results com-
parable with the physical experiments and analytical
work of Terzaghi (1934, 1936, 1943), Dubrova (1963),
Tsagareli (1965), Sherif et al. (1982), and Sherif and
Fang (1984) among others.

Rotation about the bottom produced a transition of
measured pressures from near the theoretical “Jaky”
at-rest to near the “Rankine” active pressures with dis-
placements of 0.4% of the wall height (H) and 4%H
(at the wall top) and the shape of these distributions
remained relatively “triangular” in shape. Total loads
on the wall were reduced from within about 10% of
the calculated at-rest load to within about within about
20% of the calculated active earth load. The reduction
of total load from the measured at-rest condition to the
measured displacement conditions was about 20% for
both displacement cases, respectively.

Rotation about the top progressively reduced the
measured pressures in the middle to lower regions of
the model wall, and increased the pressures near the
top (supported region of the wall). Where the displace-
ments were equal to about 4%H (at the wall bottom),
measured pressures on the middle region of the wall
were significantly less than the calculated “Rankine”
active pressure.Total loads on the wall were reduced by
about 20% to 30% for displacements of about 0.8%H
and 8%H, respectively.

Where displacement included bulging of the middle
of the wall followed by an outward displacement of the
wall top, the results were consistent with earlier work

(both in the authors’ paper and prior publications) in
that:

– the bulging mode reduced stresses in the middle
region of the wall and transferred the loads to the
portions of the wall that remained fixed; and

– at the completion of displacement (with the top at
about 0.1%H to 1%H), the total loads and pressure
distributions were close to those that could be calcu-
lated for “active” conditions except with a peaking
of the stresses near the wall bottom.

The experimentation showed that all modes of
deformation converge toward theoretical “Rankine”
values of total load at displacements on the order of
0.6%H to 1%H.

Perhaps a more unique aspect of this research is
that settlement measurements of the ground surface
were also made during the centrifuge experiments.The
ground surface measurements demonstrate:

– for rotation about the bottom, the surface settlement
formed a spandrel-shaped profile;

– for rotation about the top, the surface settlement
formed a concave-shaped profile;

– for both modes of displacement, the settlement pro-
file extended to a distance of about 1H back from
the face of the wall or slightly less.

Tamano et al. (2005) present the results of both
numerical modeling and physical experimentation
undertaken to study the passive resistance of soft clay
in deep excavations. The effects of rapid displacement
rates were shown to result in passive resistances of
more than double the calculated values using effec-
tive stress parameters and Rankine’s solution. They
concluded that, although time-related effects pro-
duced higher passive pressures in short time intervals,
Rankine’s solution provided a reasonable lower-bound
to long-term passive resistance (time > 50 hours).

Choy et al. (2005) present an interesting and well-
documented research program aimed at identifying
the influence of slurry levels within diaphragm wall
trenches constructed in sand on adjacent pile foun-
dations. They concluded from their centrifuge experi-
mentation that pile stability is better maintained with
shorter trench lengths or when the trench is further
away from the piles. Although these main conclusions
may seem obvious and intuitive, the work completed
by the authors provides some quantitative demonstra-
tion of these effects that may lend insight into sound
design and construction control.

Ohno et al. (2005) conducted research generally
similar to that of Choi et al. (2005) in that they
examined the influences of slurry levels within trench
excavations using centrifugal models. Ohno and col-
leagues, however, focused on the influences of slurry
levels on the overall stability and settlements adja-
cent to trenches cut in either normally (NC) or
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over-consolidated (OC) clay soils.They concluded that
while limit equilibrium analyses were helpful in under-
standing failure mechanisms in the OC soils, they
were of little use in evaluating NC soil behavior. The
results of this work assist in illustrating the important
influences of construction workmanship and control
in relation to displacements (and potential failure) of
the adjacent ground mass into and around localized
slurry-filled diaphragm wall construction trenches.

2.3 Design and performance prediction

2.3.1 Numerical modeling
Mitew (2005) completed a suite of numerical trials
to back-analyze a deep excavation in Warsaw. Three
different approaches to the use of subgrade reaction
methods in conjunction with earth pressure estima-
tions were examined. Finite element methods using
four different selections of a linear elastic modulus
were also used in the parametric study. Although the
estimated horizontal displacements were relatively
small for all analyses, a number of important issues
were highlighted by Mitew’s work:

– the selection of horizontal subgrade modulus, kh,
values significantly influenced both the estimated
displacements and the estimated internal forces in
the wall systems;

– determining the value of kh using theoretical or
empirical approaches tended to underestimate lat-
eral wall displacement, and determining kh by use
of the pressure meter test tended to overestimate
displacement; and

– use of finite element analyses all produced reason-
able estimates of maximum lateral displacement but
did not estimate the patterns of displacement well.

Sieminska-Lewandowska (2005) describe the con-
struction and back-analysis of two anchored subway
station excavations in Warsaw. Parametric finite ele-
ment methods were used to back-calculate the likely
deformation parameters of the soils assuming a linear
elastic modulus and Mohr-Coulomb failure criteria.
By completing analyses using 25 different values of
linear elastic modulus, it was found that the elastic
modulus values that produced lateral displacement
results closest to those that were measured in the
field were more than 4 times those typically used
for design in Warsaw. As with Mitew’s work, vertical
displacements were not discussed.

Kung and Ou (2005) begin their paper noting the
“. . . unreasonable prediction of surface settlement . . .”
that often results when trying to estimate or predict the
performance of deep excavations using finite element
methods. Kung and Ou (2005) use the same case his-
tory as Tang et al. (2005) to examine the influence of
constitutive model selection on “prediction” of perfor-
mance. Five constitutive models are examined, though

they can be generally grouped into modified versions
of either the Cam-clay (Roscoe and Burland 1968)
or hyperbolic models (Duncan and Chang 1970). It
is understood that the nonlinear constitutive models
based on the hyperbolic model also includes some
consideration of the unload-reload behavior of the soil
(Kung, pers. comm.). Based on their back-analyses of
this case, the authors concluded that lateral displace-
ments can be adequately estimated using all of the
constitutive models provided that the small-strain stiff-
ness of the soil was considered (or the “right” value
of stiffness was chosen to fit the observed results).
Without considering the degradation of stiffness with
increasing strain (i.e. using linear soil parameters)
unreasonable settlement estimate results are obtained.

Tang et al. (2005) also describe the importance
of small-strain soil behavior in estimating displace-
ments in soil-structure interaction problems. These
authors and others (Burland 1989, Hight and Higgin
1995, Boone and Westland 2005) note the “unsatis-
factory prediction of surface settlement induced by
excavation” in comparison with oft-reported satisfac-
tory prediction of lateral displacements using finite
element methods. The authors used a case in Taipei to
back-analyze the excavation performance to determine
the likely soil parameters. The same set of constitutive
equations as implemented by Kung and Ou (2005), the
modified pseudo-plasticity (MPP) model, was used
for the analyses completed by the authors. Kung and
Ou (2005) note that the MPP model is derived from
the hyperbolic model (Duncan and Chang 1970). In
essence, the “optimum method” iteratively varied the
ratio of the initial tangent modulus (as defined by
Duncan and Chang 1970) to undrained shear strength,
Ei/Su , within the MPP constitutive equations in order
to arrive at convergence between measured and calcu-
lated values of vertical and horizontal displacement.
Several stages of the excavation were chosen as those
to be iteratively analyzed, with the displacement per-
formance in the remainder of the stages to be “pre-
dicted” from the resulting back-analyzed parameters.
The back analyzed parameters were consistent with
some initial stiffness measurements of undisturbed and
re-constituted Taipei soils subjected to triaxial testing.
Provided that the Ei/Su was selected within a range of
±20% of the back-calculated value, reasonably good
agreement was found between the “predictions” and
measurements.

Rodriguez (2005) utilized the non-linear “harden-
ing” constitutive equations, in which account is also
made of the unloading-reloading properties of the soil,
to estimate vertical and lateral displacements of a
deep excavation. In this case, the ratios of the ini-
tial tangent modulus, Ei (as defined by Duncan and
Chang 1970), the reference elastic secant modulus,
E50 as used in the PLAXIS soil hardening model,
and the unload reload elastic modulus were about
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Ei/E50 = 2, Eur/Ei = 2 to 3 based on cyclic triaxial test-
ing, and Eur/E50 = 4 to 6, where E50 was determined
based on a combination of correlations between shear
wave velocity, SPT results, and G/Gmax degradation
curves (Rodriguez, pers. comm.). Without making any
attempts to adjust soil properties within the model,
reasonably good agreement is shown between the
computed and measured displacements. Importantly,
Rodriguez also notes that numerical modeling of the
excavation produced poor results using linear elastic
constitutive models or very simplified construction
sequence simulations.

Herbschleb et al. (2005) describe how an excavation
for a local building project was used as a “test project”
to calibrate non-linear 3D and 2D finite element mod-
els and investigation and testing results. Parametric
studies were also completed to understand the sensi-
tivity of these models to variation of the soil properties
within the statistical upper and lower bounds as well
as for the expected values.

Schweiger and Breymann (2005) summarize
numerical back-analyses conducted for five excava-
tions in Salzburg. They also utilized the non-linear
hardening soil model as implemented in the PLAXIS
software. Based on the summary of the parameters
used in the analyses, the unload-reload modulus of the
soil was chosen to be equal to 4 times the value of
the reference elastic modulus, E50, also consistent with
the work of Rodriguez (2005). The results of the anal-
yses were reasonably accurate, though the calculated
settlements were generally smaller than measured val-
ues, likely because the walls were “wished into place”
in the modeling and no account was taken of the effects
of the installation process. In addition, the numeri-
cal models typically overestimated the extent of the
settlement trough by a factor of about 50% or more.
A comparison of all of the excavation support sys-
tems was also presented in which the relative system
stiffness, EI/γ h4 (after Clough et al. 1989), was also
considered. Having used the relative system stiffness
as a criterion for comparison, the influence of the soil
layers, their engineering properties, and their thick-
nesses on the behavior of the overall soil-structure
system was clearly illustrated.

Of the 27 papers reviewed for this general report, 17
of these included some form of numerical modeling.
Nine of these used non-linear stress-strain constitutive
equations with the “hardening model” as included in
the PLAXIS software or some variant of the hyper-
bolic model (after Duncan and Chang 1970) being
the most prevalent. Seven of the papers described
the use of linear-elastic models. One paper did not
provide sufficient information to deduce the consti-
tutive models selected for the numerical analyses.
Four papers reviewed for this session summarized tri-
als or development of three-dimensional numerical
simulations.

2.3.2 Semi-empirical methods
Kojima et al. (2005) present a method for evaluating
the potential ground settlement adjacent to deep exca-
vations. They note that although numerical modeling
(finite element) might be a suitable method for such
evaluations, the “. . . input parameters needed in the
FE simulation are not sufficiently provided in advance
at the stage of design work.” A simplified method
of ground response prediction is proposed based on
the results of a parametric finite element modeling
series and the results of 42 case histories. Within
their method, the authors propose two parameters as
indicators of field performance:

– “equivalent stiffness” in which the modulus of elas-
ticity (E), internal moment of inertia (I), and total
wall height (excavation plus penetration below the
excavation base) of the wall are related to the aver-
age Standard Penetration Resistance (SPT) of the
soil mass (N); and

– “relative stiffness” in which the width of the excava-
tion, penetration depth of wall below the excavation
base, and exposed height of the wall are also taken
into account.

These are then used to derive estimates of the max-
imum settlement envelope for different zones of soil
consistency as defined by the SPT N value and their
field performance data. The settlements are shown to
range up to about 2% of the excavation depth in a pat-
tern consistent with the spandrelshaped envelopes of
settlement behavior illustrated by Peck (1969). For the
three soil types considered, hard, medium and soft, the
settlement envelopes are defined by maximum settle-
ments immediately adjacent to the excavation of 1%H,
2%H, and greater than 2%, respectively. Refinement
of the settlement predictions within these envelopes is
not possible, however, with this method.

Boone and Westland (2005a, 2005b) summarize
a semi-empirical approach to estimating both loads
and displacements associated with deep excavations.
Their methods are based on a series of non-linear
parametric numerical analyses using modified hyper-
bolic constitutive equations along with simulation
of unloading-reloading responses. In their work, the
unload-reload elastic modulus was selected to be about
three times the value of the initial tangent modu-
lus (as defined by Duncan and Chang 1970). By
curve-fitting of the numerical modeling results, a
series of equations are provided to estimate the per-
formance of deep excavation support systems and
the surrounding ground. These methods were then
also applied to case histories in order to assess the
general suitability of the approach to displacement
estimation. Based on preliminary results, these meth-
ods may tend to underestimate lateral and vertical
displacements somewhat. The two papers illustrate
the interrelationships between retaining wall system
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stiffness, unload-reload stress-strain soil properties,
earth pressure distribution, displacements, and the
multiple design and construction details that influ-
ence final performance. This work, like that of Kojima
et al. (2005) is intended to bridge the gap between
purely empirical approaches, which tend to be crude
in the range of performance estimation, and numerical
models that, while more rigorous, can sometimes be
daunting in their sophistication and time requirements
and yet still not produce reasonable results.

2.4 “Real-World” measurements

Emeriault et al. (2005) present a detailed case history
of a deep excavation made through hard sandy clay
in Toulouse, France. The support system consisted of
a strutted 1 m thick concrete diaphragm wall. Com-
pared to typical published values of ground and wall
displacements that might be expected for similar con-
ditions, the authors note that the vertical and horizontal
displacements in this case were rather small, often less
than 10 and 5 mm, respectively. Although measure-
ments of displacements using multiple instruments
confirmed the general magnitudes of the results, mea-
surements of the horizontal extension of a neighboring
building indicated displacements greater than the dis-
placement of the wall itself. The authors attribute this
discrepancy to measurement errors or a global dis-
placement of the wall and ground mass not measured
by the inclinometers.

It can be inferred from Emeriault et al. (2005) that
the inclinometers were installed within the diaphragm
wall and terminated at the base of the wall. As they
noted, the overall horizontal displacements of the
wall were unfortunately not measured independently.
This case highlights the need to install inclinometers
through the base of the wall into a firm stratum (or
sufficiently below the base of the wall) or to gather
independent horizontal displacement data, otherwise
the measurement of the wall displacement alone may
be meaningless or will not provide any indication of
what displacements are occurring in the neighboring
ground or structures.

Field measurements indicated that vertical dis-
placements (at about 5 m from the wall, or about 0.3 H)
were on the order of half the maximum lateral move-
ments at the time the excavation was completed. The
pattern of vertical displacements also appeared to vary
depending on the stage of excavation and did not fol-
low a typical “spandrel” or “concave” type of profile.

The authors also present measured strut loads. Field
data illustrate the important influence of temperatures
on strut loads (e.g. Chapman et al. 1972, Boone and
Crawford 2000) and that wall displacement measure-
ments at strut levels do not necessarily correlate well
with theoretical elastic compression of the struts.

Eight papers included within this session presented
field measurements of deep excavation performance.
Of these, six included measurements of lateral dis-
placements, and six included measurements of vertical
displacements. Only three cases included measure-
ments of both displacement modes and only one
included measurements of lateral and vertical dis-
placements as well as support loads.

2.5 Unusual problems and solutions

Shirlaw et al. (2005) present an examination of the
problems associated with deep excavations in the soft
marine clay deposits of Singapore. The strength (or
lack thereof) of the marine clay deposits presents some
interesting challenges to the design and construction
of excavation support including:

– great depths of wall penetration are often used to
try and manage the “net active” pressures below
the base of the excavations; and

– hydraulic base stability exacerbates already diffi-
cult problems associated with controlling undrained
base failure of the soft ground.

The authors illustrate several cases in which lime
columns, underwater excavation with tremie concrete
base slabs, jet-grouted base slabs, and piles within the
excavation (designed for both tension and compres-
sion) were used to overcome these problems.

One of the more interesting and important topics
discussed by Shirlaw et al. (2005a) are failures that
have occurred in these challenging subsurface con-
ditions. A workshop was held in 2003 in which 13
excavation failure case histories in Singapore were
reviewed. Failure, in these cases was defined as “out-
right collapse” of all or portions of the support system
and ground or displacements that were severe enough
to cause irreparable damage to adjacent facilities. Two
cases are also described in the authors paper that were
not addressed in this earlier workshop. Causes of these
failures included:

– excess stockpiling of excavated soils near the sup-
port system;

– insufficient thickness of jet-grouted base slabs;
– insufficient depth of penetration for tension piles;
– pre-cuts (effectively reducing loads on the wall)

were insufficiently completed;
– insufficient wall embedment depths;
– details related to the structural connections of struts,

wales, and the walls;
– incorrect or inappropriate geotechnical analyses;
– workmanship during construction;
– construction sequences that differ from design

assumptions; and
– delays in installation of critical wall components.
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Benson-Hsiung et al. (2005) and Karlsrud et al.
(2005) also present cases in which base slabs or “cross-
walls” were used below the excavation bottom to
reduce displacements and other issues associated with
basal stability of deep excavations. Benson-Hsiung
et al. (2005) concentrate on the numerical analysis of
the potential deformation control benefits of such a
solution while Karlsrud et al. (2005) compare numer-
ical simulations and field measurements to document
the realized benefits of these support schemes.

A second paper related to construction of deep exca-
vations in Singapore (Shirlaw et al. 2005b) illustrates
the difficult problems associated with neighboring
building foundations. Where buildings are modified
over their history and supported by differing founda-
tion types (e.g., shallow versus deep), their sensitivity
to ground displacements can be exacerbated to the
point that little can be done to avoid substantial
damage. While engineers and constructors can take
prudent measures to avoid damaging nearby build-
ings, as discussed in many of the papers for this
conference session, sometimes the inherent unknowns
related to the conditions and design of foundations in
older urban areas can be a significant challenge, some-
times exceeding the limits of design and construction
planning.

3 DISCUSSION

Tan and Shirlaw (2000) pointed out the difficulties
faced by researchers, engineers, and contractors, when
involved with deep excavation support systems in that
prediction of displacements are often required to a
level of precision on the order of 10 mm and yet:

– the analyses are uncertain;
– the variability of ground conditions can be great;
– construction details and sequences can be complex;

and
– workmanship can play a significant role in the final

success or failure of a particular excavation support
system.

Tan and Shirlaw (2000) also posed three fundamen-
tal questions:

i. what can we learn from field observations and
measurements?

ii. how do we predict field behavior?
iii. once we know there will be movements, what can

we do to control it?

To try and reconcile these issues, it is clear through
many publications and conferences related to this sub-
ject over the past half-century or more, this conference
included, that many diverse approaches to this problem
have been attempted:

– small scale physical models have been constructed
and analyzed, and recent advances with centrifugal

models have allowed more realistic considerations
of the influences of gravity on scale;

– field measurements and observations have pro-
duced empirical prediction methods (and many,
problematic “rules of thumb”) and the tools now
available can produce significant amounts of high-
quality data;

– closed-form theoretical and analytical solutions
have been proposed for highly simplified cases;

– many incremental advances have been made
related to understanding the constitutive behavior
of soils and how this behavior may be expressed
mathematically;

– computer-based numerical simulations have been
developed with increasing sophistication such that
non-linear analyses of soil-structural systems could
become relatively routine.

Within this General Report, a number of issues
raised by the topics and presentation of papers in this
session are discussed in the context of “where do we
go from here?” and the questions posed by Tan and
Shirlaw (2000).

3.1 Investigations and testing

The papers presented for this conference clearly illus-
trate that the type and quality of data on the engineering
properties of the soils is critically important to mak-
ing reasonable predictions of excavation performance.
The work by Herbschleb et al. (2005) and Rodriguez
(2005) demonstrate that testing programs can be rea-
sonably developed to capture or allow correlation of
small-strain and non-linear properties for later use in
numerical modeling.

Provided that a secant elastic modulus at 50% of
the failure stress (“Young’s” modulus, E50) can be esti-
mated, through correlations or direct measurements as
commonly practiced, it appears that the initial tangent
modulus can be reasonably estimated as Ei

∼= 2E50,
and the unload reload modulus can be estimated as
Eur (2 to 3)Ei

∼= (4 to 6)E50 for use in the hyperbolic
or hardening models. Given these generalized conclu-
sions, it may not be so difficult to estimate non-linear
soil properties as commonly thought and therefore also
complete more rational non-linear design analyses.

3.2 Physical experimentation and theory

The physical experimentation described in the papers
of this theme support some of our understandings
regarding the success or failure of existing theories
and empirical intuitions about the magnitudes and dis-
tributions of earth pressures. While producing results
similar to those of previous studies of displacement
and earth pressure relationships, the tests conducted
by Kusakabe et al. (2005) supplement some of the
well-known conclusions with additional information
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related to different displacement modes and the ground
surface displacements. Their work also supplements
prior small-scale model work by the added bene-
fit of more appropriately considering the effects of
gravity on scale models. There work clearly illus-
trates a progressive transition of earth pressures from
near “at rest” conditions to near “Rankine” conditions
with increasing displacement. Their work also, how-
ever, highlights that neither analytical theory is fully
satisfactory for describing earth pressure but do pro-
vide some reasonable approximation for simple design
problems.

It is often presumed that undrained conditions dur-
ing construction in soft cohesive soils are the most
critical of design cases. The detailed physical experi-
mentation of Tamano et al. (2005b) illustrates that this
may not necessarily be the case, supporting the argu-
ments made by Bakker (2005) that construction in soft
ground may be better designed assuming drained con-
ditions and effective-stress engineering parameters.
Clearly, the element of time on the behavior of cohe-
sive soils in deep excavations is an issue that requires
considerably more examination.

Centrifugal modeling, as the two papers in this
conference demonstrate, offers the unique capabil-
ity to scientifically isolate, examine, and quantify the
effects of construction processes in real soil materials
that would be difficult or impossible under fullscale
conditions.

3.3 Design and performance prediction

The papers included in this session and previous pro-
ceedings of this conference series suggest that use
of empirical envelopes of field measurements alone
is not sufficient for design of excavations in urban
environments. Therefore, simplified analytical meth-
ods or sophisticated numerical simulations are often
undertaken to provide more refined predictions of
potential performance. Furthermore, the best poten-
tial for reasonable numerical performance prediction
is likely through use of non-linear constitutive models
that consider both small-strain and unload-reload char-
acteristics of soils. Without considering the unload-
reload deformation properties of the soil, as well as
the virgin loading path deformation properties, rea-
sonable estimates of vertical ground displacement
may not be achieved. Perhaps this is the reason why
many published papers providing predictions of lat-
eral displacements based on linear-elastic numerical
modeling seldom discuss vertical displacement pre-
dictions. If vertical displacements can not be believed,
then can other results of the analyses be relied upon?
Given the current capabilities of numerical modeling
software and a modest understanding of non-linear
soil behavior, there is little reason to use linear-elastic
models.

Herbschleb et al. (2005) describe the use of a
test case in which a building excavation was used to
calibrate numerical modeling methods and soil param-
eters for later use in predicting displacements that
could be associated with excavations for a new sub-
way line. Schweiger and Breymann (2005) illustrate
the use of back-analyses of a number of projects as
a means to validate a set of geotechnical parameters
and numerical modeling methods. Boone andWestland
(2005) present a semi-empirical approach to estimat-
ing displacements, though developed using numerical
methods, could be used as a basis for judging whether
or not a particular numerical simulation produced rea-
sonable results. Regardless of how well a numerical
simulation is carried out, the results must be cali-
brated and compared to field performance or other
displacement estimation methods to develop the con-
fidence required for proceeding with construction in
displacement-sensitive conditions.

A number of the papers applied the term “predic-
tion” when describing the results of numerical or ana-
lytical calculations. This is a common theme among
papers related to this topic in which “prediction” is
used without clarification of when the work was car-
ried out. It is suggested that, if the term “prediction” is
to be used in future publications, it must be explicitly
described in terms of a “prediction class” as recom-
mended by Lambe (1973) more than 30 years ago:

Class A: Before event, true prediction;
Class B: During event, results not known but

other variables may be better known;
Class B1: During event, some results known,

intermediate calibration and back-
analysis may be possible, analysis may
be biased;

Class C: After event, results not known, “blind”
back-analysis, results may be better
described as “estimation” or
“calculation”;

Class C1: After event, results known, analysis may
be biased, results may be better
described as “estimation” or
“calculation”, should be described as
“back-analysis”.

Otherwise, the degree of agreement between a
true “before the fact” prediction, an “after the fact”
back-analysis, and monitoring results can be mislead-
ing since for back-analysis, the “answer” is already
known and the models can be adjusted to fit the field
measurements.

3.4 Field measurements

When planning an instrumentation program for mea-
suring the performance of deep excavations, it is vitally
important to be able to gather information related to
both loads and displacements (vertical and horizontal)

87

Copyright © 2006 Taylor & Francis Group plc, London, UK



at locations that are subject to similar conditions so
that the measurements may be correlated. The work by
Emeriault et al. (2005) presents a detailed instrumen-
tation program where inclinometers, precise leveling
points, and strain gauges are clustered together to fully
measure performance at specific cross-section loca-
tions. By creating fully measured cross-sections at
both “greenfield” and building locations, the effects of
the excavation on the building and the potential influ-
ence of the building on the shape and magnitude of the
settlement trough could be separated. Emeriault et al.
(2005) also point out that error or other external influ-
ences such as temperature can also be a factor when
interpreting the results of field measurements.

3.5 Learning from experience

As a discipline and individuals, we learn from expe-
rience. This experience is gained by observation, pre-
diction, and later comparison of both. In the minutes
from the meeting of TC28 in Toulouse, a suggestion
was made by Dr. Ng that it might be possible to have
“. . . a standardized list of case histories, perhaps on

Table 1. Suggested minimum documentation of characteristics of excavation support systems.

Dimensional and structural characteristics
� Type of wall (solider-piles, sheet piles, contiguous drilled � Horizontal spacing between lateral supports

shafts, diaphragm wall)
� Depth, length, and width of excavation � EI of wall per unit of length
� Type of lateral supports (anchors, struts, rakers, floor � EI of wales

slabs, berms) � Method of support-wall connection
� EA, EI of lateral support (e.g. strut stiffness) � Vertical positions of lateral supports

Lateral displacements
� Measurement method (survey, inclinometer) � Lateral displacement of ground surface or top of wall
� Maximum lateral displacement of wall � Measurement Time (end of excavation, after struts
� Position of maximum lateral displacement removed or anchors de-stressed)

Vertical displacements
� Measurement method (survey, other) � Influence distance of vertical displacements
� Maximum vertical displacement of ground � Measurement Time (end of excavation, after struts
� Position of maximum vertical displacement removed or anchors de-stressed)

Support loads
� Measurement method (load cell, strain gauge) � Maximum load and corresponding construction stage

Ground cnditions
� Typical SPT “N” and/or other parameter values in layers, � Estimated undrained and drained strength properties

variability described
� Estimated deformation properties (Gmax, Es, E50, Eur , Ei) � Methods of soil property determination/estimation

Design & prediction
� Methods used for design � Predicted loads
� Constitutive model for numerical simulation � Class of Prediction (A, B, B1, C, C1)
� Predicted lateral and vertical displacements � Estimated base stability factor of safety

Construction
� Degree (and value) of support preloads � Dewatering conditions
� Method of wall installation � Geometry of temporary berms if used
� Strut removal or anchor de-stressing � Construction peculiarities

a web site . . .” to which authors could contribute
directly. It was agreed by other participants that a
standard form would be necessary because in many
papers vital information was missing. In this reporter’s
opinion, this is the source of difficulty with compil-
ing databases based on presently existing information
(e.g. Long 2000, Boone 2001). It was also noted that
“. . . there were some concerns about the magnitude
of such a job.” Indeed, completing such a task by
one individual or institution would be daunting and
likely a full-time activity. However, the proceedings
of conferences such as this International Symposium
on Geotechnical Aspects of Underground Construc-
tion in Soft Ground, could present an awesome future
database, if planned accordingly. As a researcher and
practitioner, it is frustrating to try and mine data from
papers only to find that information is indeed missing.
The papers submitted and reviewed for this conference
are no exception to this pattern. Guidelines for future
papers should not be restricted only to case histories of
field measurements but should also include informa-
tion on the associated design methodologies. Whether
or not an international, web-based repository of case
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histories is established, it should be possible to gener-
ate consistent information for future conferences and
the associated published papers on this topic. Toward
this goal, a suggested checklist of information for
inclusion into future deep excavation publications is
provided as Table 1.

4 CONCLUSIONS

Tan and Shirlaw (2000) pointed out that in response
to uncertainties regarding ground conditions, analysis
methods, construction details, and workmanship, engi-
neers have often pursued “. . . a wise course; they
build a sufficiently stiff retaining and bracing structure
which is so strong that the stiffness of soil contributes
little to the overall stiffness of the soil structure sys-
tem.” As owners, engineers, and contractors, however,
we recognize that there are many situations in which
such designs could have been optimized and less costly
or complex systems utilized with equal success as
several papers in this conference theme suggest. Opti-
mization, however, carries with it an element of risk.
This element of risk carries with it significant costs and
underlies many disputes associated with deep excava-
tions in urban environments. Understanding this risk is
part of effective design and decision making. Toward
that end, the following proposal is made:

– if sufficient testing can be carried out or col-
lected for specific soil deposits, the uncertainty
(variability) of the engineering properties may be
characterized (e.g. Herschleb et al. 2005);

– if a sufficient number of Class A predictions can
be made and compared to field measurements,
the uncertainty in analyses methods may be
defined;

– if a sufficient number of case histories can be col-
lected with appropriate identification of construc-
tion details, the uncertainty related to workmanship
and process details may be characterized;

then it may be possible to complete reasonable stochas-
tic analyses of excavations so that the probability
of achieving performance goals could be quantita-
tively evaluated, designs optimized, cost-effectiveness
improved, and better decisions made. Is this a prac-
tical or achievable goal? Presently, no. Is this goal
achievable through the research efforts of one indi-
vidual or institution, or perhaps with uncoordinated
research among multiple institutions?Again, no. How-
ever, it is suggested that with some focused effort and
careful documentation of case history data, possibly
in one or a number of databases as Dr. Ng suggested,
great strides can in this direction could be made and
conferences and sessions such as this may provide a
considerable asset for future research.
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