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Major sections of Boston's new unde.r
ground Central Artery have been 
constructed through densely devel

oped downtown areas using conventional cut
and-cover techniques. During this process 
contractors have played a leading role in refin
ing the designs of the temporary lateral earth 
support systems (perimeter walls and cross
lot bracing), generating significant cost sav
ings for the project. The key to more efficient 
structural design has been the widespread use 
of non-linear finite element (FE) analyses that 
simulate the response of the surrounding soil 

continuum through successive stages of the 
excavation process.1 

Although these analyses capabilities are 
now becoming more accessible to structural 
engineers through the availability of specialty 
commercial software packages, reliable pre
dictions of ground deformations (and their 
effects on adjacent structures) remains a diffi
cult task. Settlement predictions are strongly 
linked to the modeling of soil behavior, and to 
the representation of in situ soil stresses, soil 
properties and groundwater conditions, in 
addition to properties of the structural ele
ments and support systems.2 

Problem Description 
FE analyses were used for the complex struc
tural and geotechnical problems posed by the 
interaction effects of two separate excavations 
adjacent to the historic Russia Wharf buildings 
in Boston. Russia Wharf comprises a group of 
three seven-story-high, unreinforced masonry 
buildings that were constructed in the early 
1900s and that have been designated as his
toric structures by the Massachusetts State 
I;Iistoric Preservation Commission. The build-
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FIGURE 1. Site layout. 

ings have one-story basements and are found
ed on massive granite block footings bearing 
on 10-inch-diameter timber piles. The lengths 
of these piles are unknown. (Parkhill provides 
more details of this type of foundation. 3

) 

The northbound tunnel for the new I-93 
Central Artery (CANB) lies immediately 
beneath Atlantic A venue and within 15 feet of 
the Russia Wharf structures. A large ventila
tion building (VB3) is located within 20 feet 
along the eastern side (see Figures 1 and 2). 
Both of these components of the Central 
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Artery /Tunnel (CA/T) Project required tem
porary lateral earth support for excavations 
since their excavations were more than 90 feet 
deep and they shared a common wall ( as 
marked in Figure 1). The effects of these exca
vations on the adjacent Russia Wharf buildings 
were further complicated by plans for con
struction of twin tunnels for the Massachusetts 
Bay Transportation Authority (MBTA) 
Transitway Project immediately beneath these 
structures (see Figure 1). The MBTA tunnels 
are much shallower than either of . the two 



Central Artery excavation contracts and were 
being constructed concurrently using NATM 
tunneling techniques (in combination with 
ground freezing and structural underpinning). 

In order to protect the Russia Wharf build
ings from damage, the project engineering 
team had to demonstrate that the proposed 
designs of the temporary lateral earth support 
systems for the two Central Artery contracts 
would generate angular distortions, [3, of less 
than 1/2000 beneath these buildings. This 
value represented a conservative interpreta
tion of damage criteria proposed by Boscardin 
and Cording4 and provided a similar 
allowance in separate calculations for the 

. MBTA tunnels. The project team also had to 
show that consolidation settlements would 
not exceed 1 inch due to the effects of dewa
tering during construction. The FE study was 
performed in 1999 and construction was sub
stantially completed by the end of 2000. 

Original Design 
According to the original schedule, subsur
face construction of ventilation building VB3 
was to be completed prior to excavations for 
the CANB tunnels in the vicinity of Russia 
Wharf. Indeed, the design of the wall and 
bracing system was already finalized in 
November 1996 using the following project
wide analysis criteria: 

• Conventional beam-spring analyses were 
used to design the wall and bracing ele
ments. Excavation was modeled using a 
sequential beam. on elasto-plastic soil 
springs approach using the finite element 
program GTSTRUDL. 

• Separate geotechnical analyses of wall 
deflections and ground deformations 
were made using the displacement-based 
FE code SoilStruct (incorporating a hyper
bolic model of soil behavior). Separate 
one-dimensional consolidation calcula
tions were used to assess the potential 
effects of dewatering. 

Each of these analyses simulated conditions 
corresponding to the bracing of a single wall 
( combined settlements of the two contracts 
were estimated by superposition). Further 

FIGURE 2. Site photo looking east. Russia 
Wharf is on the right . 

structural analyses were subsequently carried 
out in conjunction with a value engineering 
change proposal to reduce the size of the sup
port wall for VB3 and the number of bracing 
levels. These calculations were carried out 
using the FE program ANSYS. This analysis, 
which models the soil continuum (and used 
soil properties very similar to those in 
SoilStruct), confirmed that the beam-spring 
models were unduly conservative - i.e., the 
models overestimated both the strut forces 
and wall bending moments). 

Revised Excavation Sequence 
One major proposed change in the schedule 
was to advance the construction of the CANB 
tunnel so that both the CANB and VB3 exca
vations could take place almost concurrently 
in the vicinity of Russia Wharf. This sequence 
of events raised further questions regarding 
the design of the lateral earth support system 
(most notably the design of the common wall 
between the two contracts) and the control of 
ground deformations beneath the Russia 
Wharf buildings. 

The three-dimensional aspects of the prob
lem were obvious and presented a major chal
lenge compared to prior two-dimensional 
analyses. The proposed excavation support 
system for VB3 used corner bracing to transfer 
load to the common wall (i.e., between the 
VB3 and CANB excavations - see Figure 1). 
This load was then carried across the CANB 
excavation to the middle wall between the 
north and southbound tunnels of the Central 
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Artery (see Figure 1). Two-dimensional mod
els of this three-wall system inevitably 
focused on a critical skew-cross-section 
involving the largest width (and lowest brac
ing stiffness) of the combined excavations of 
VB3 and CANB as shown by the skew-section 
A-A in Figure 1. The two-dimensional models 
assumed plane strain conditions - i.e., all soil 
deformations and flow occurred in the plane 
of the analysis. In all likelihood, this type of 
calculation provided a conservative estimate 
of ground movements for a selected set of soil 
properties (initial stresses and groundwater 
flow conditions). 

There were then two basic outcomes that 
could have been envisioned from the two
dimensional analyses of the skew-section A
A: 

• If the predicted movements were within 
the allowable tolerances for Russia Wharf, 
then construction could proceed based on 
the original design. 

• If the predicted movements exceeded the 
prescribed limits, then the design team 
would either have to modify the support 
system design or constrain the construc
tion schedule. 

The second outcome could scarcely be justi
fied by highly simplified two-dimensional 

· analyses that completely ignored the bracing 
effects at the southwest corner of VB3. More 
realistic three-dimensional FE analyses were 
capable of modeling the support systems for 
the two adjacent contracts. However, there 
was a massive increase in complexity associat
ed with the preparation of a three-dimension
al FE model. Plus there was minimal prior 
experience in the use of such analyses for 
design of lateral earth support systems and 
there were practical limitations on parametric 
analyses that could be carried out. 

As a result of these considerations, the proj
ect team adopted a strategy involving the par
allel use of two- and three-dimensional FE 
analyses. The two-dimensional analyses pro
vided a framework for evaluating the effects 
of individual parameters (for example, exca
vation and support sequence, groundwater 
control) and design assumptions. The three-
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dimensional calculations provided a refined 
estimate of critical parameters such as the set
tlements (and angular distortions) beneath the 
Russia Wharf buildings. 

Finite Element Analyses 
General Considerations. There are several com
mercially available finite element (or finite dif
ference) programs that are capable of per
forming non-linear analyses of soil-structure 
interaction and simulating prescribed con
struction sequences.5 Prior to this study, two 
FE programs, Soilstruct and ANSYS, had . 
already been used to analyze single-wall sec
tions for the two separate construction con
tracts (for the design of the bracing system , 
and ground settlement predictions, respec
tively). After evaluating the available soft
ware, the design team decided to use two 
other FE packages for analyzing the combined 
effects of the CANB and VB3 contracts. It was 
agreed to introduce these new packages after 
they were careful checked to establish that the 
analyses could reproduce single-wall analyses 
comparable to the earlier design calculations. 

The two-dimensional calculations were car
ried out using the PLAXIS program.6 This par
ticular software program has a user-friendly 
graphic interface for the pre- and post-pro
cessing of data (including an efficient and flex
ible two-dimensional mesh generator) and is 
equipped with a relatively robust procedure 
for automatic load stepping. The program 
solves coupled flow and deformation behav
ior of the soil mass, using mixed elements 
with pore water and deformation degrees of 
freedom. Hence, it can model the generation 
and (partial) dissipation of excess pore pres
sures ( and their effects on structural forces) 
that can occur during the excavation process 
and associated groundwater pumping activi
ties. The program has a closed architecture 
with a limited range of built-in soil constitu
tive models. Baseline analyses of excavations 
can be carried out using linearly elastic-per
fectly plastic (EPP) models (with conventional 
Mohr-Coulomb yield criterion), while a hard
ening soil (HS) modeF is included to simulate 
more realistically the non-linear shear-stiff
ness properties of typical soils (modeled using 
a hyperbolic function). The HS model repre-
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FIGURE 3. Typical three-wall model of a skew-section. 

sents an upgraded version of the well known 
Duncan-Chang formulation. 8 The program 
includes a separate module for computing 
steady, unconfined groundwater flow, with 
automatic computation of the phreatic sur
face, and can introduce hydraulic conductivi
ty parameters that vary with void ratio. The. 
PLAXIS program also includes a limited 
library of structural elements that enable mod
eling of the wall and associated bracing sys
tems (cross-lot struts, prestressed tiebacks, 
etc.), with controlled interface shear strength 
and transmissivity characteristics. 

The principal difficulties in performing 
three-dimensional FE analyses of braced 
excavations were practical considerations 
relating to model complexity and computa
tional resources. Three-dimensional analyses 
of the combined VB3 and CANB excavations 
were performed using ABAQUS.9 ABAQUS 
was one of the first general-purpose FE codes 
that included capabilities for handling cou
pled flow and deformation; it also included 
effective stress models of soil behavior. Two 
previous studies used ABAQUS as a platform 
for evaluating the role of advanced soil mod
els in predictions of excavation perform
ance.2·5 The three-dimensional analyses for the 
Russia Wharf buildings adopted much sim-

pier models of soil behavior and resorted to 
simplified representation of groundwater 
conditions in order to reduce the computa
tional complexity. 

Features of Two-Dimensional FE Models. 
Figure 3 shows a typical example of the three
wall, two-dimensional FE model at a critical · 
stage in the construction sequence where the 
vent building excavation was completed (and 
the concrete foundation mat was already in 
place), and the CANB tunnel was excavated to 
its final grade (elevation +10 feet [all CA/T 
Project elevations are based on Boston mean 
high water minus 100 feet]). 

This analysis included many assumptions: 

1. Dimensions of the mesh were set in 
order to minimize far field boundary effects 
on the predicted ground movements and 
structural forces. The ground surface was 
level (elevation +110 feet) and three slurry 
walls each extended more than 100 feet 
deep into the underlying intact rock (layer 
B2 in Figure 3). Although minimal move
ments were expected at the toes of the 
walls, the FE mesh was extended a further 
100 feet into the rock to enable the effects of 
local dewatering to be modeled accurately. 
The lateral boundaries were set more than 
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TABLE 1. 
Input Parameters for Base Case Analyses 

Soil Properties 

Total Earth 
Unit Pressure Hydraulic 
Weight At-Rest Conductivity 

'Yt k 
Layer pcf Ko ft/day 

Fill Dry 125 0.5 3 
Fill Wet 130 

Organics 105 0.5 0.014 

Clay C1 125 1.0 0.00028 

Clay C2 118 0.8 0.00028 

Till T2 140 1.0 0.14 

Weathered 140 1.0 0.28 
Rock B1 

Intact 150 1.0 2.8 
Rock B2 

Notes: a' vO (ks~ is approximately equal to 8.9840 minus 0.0823 elevation (ft) 

G is the elastic shear modulus 

Properties of Structural Elements (All Elastic) 

EA El 
Component kips/ft kips-ft'/ft V 

Slurry Wall 1.56 X 10' 5.19 X 1 os 0.2 

Strut 2.24 X 105 - -

200 feet from the excavation where hori
zontal soil displacements were minimal 
and pore water pressures were unaffected 
by the excavation process. 

2. The analyses assumed that the soil 
profile could be represented by a series of 
horizontal layers. This assumption was a 
reasonable approximation of the available 
borehole data, and assumed maximum 
thickness of the weaker strata (fill, organics 
and clay layers). It should be noted that the 
marine clay (Boston Blue Clay) is only 30 
feet thick at this site and that the interface 
to the underlying till layer occurs 50 feet 
below the ground surface. 

3. The groundwater table in the fill was 
perched close to the ground surface and 
was closely linked to the tidal conditions in 
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Shear Deformation 
Strength Properties 

c' [sul <I>' 
ksf 0 G/a'vo v' 

0 30 25 0.33 

[0.46] - 25 0.3 

[2.00] - 100 0.3 

[1.30] - 100 0.3 

0 43 110 0.3 

3.6 32 1,100 0.3 

36 32 4,400 0.3 

the adjacent Fort Point Channel (seen in the 
background in Figure 2). The pressures in 
the underlying till and rock layers, howev
er, might have been related to regional 
bedrock topography and pumping activi
ties. The FE analyses considered two scenar
ios: a worst-case scenario (100 year flood) 
where the water table was at the ground 
surface and pore pressures were hydrostat
ic (uo); and best estimate conditions with 
constant piezometric head in the fill and 
organics (elevation 106 feet), a reduced head 
in the till and rock (elevation 96 feet), and 
linear head loss through the clay. 

4. The in situ vertical stresses in the soil 
profile were derived from estimates of the 
unit weights of the layers and the assumed 
pore pressures (i.e., the initial effective ver-



tical stress, u' vO = uvo - uo) while lateral 
stresses were based on expected Ko values 
(Ko = u' hOI u' vo) listed in Table 1. The con
trolled selection of Ko provided a more real
istic estimate of in situ soil stresses in the 
horizontally layered profile than prior FE 
analyses where initial stresses were generat
ed by "gravity turn-on" (activation of the 
self weight command in the FE analysis). 

5. The Russia Wharf column loads were 
supported on granite block, spread footings 
(extending to approximately a 10-foot 
depth) and groups of timber piles whose 
length was unknown but might extend 
through the clay to the underlying till. The 
FE analyses models represented these foun
dations by a surcharge load of 1.8 kips/ff 
applied at the top of the clay. The analyses 
assumed that the underlying soils were in 
fully drained equilibrium with these 
applied loads prior to wall installation. 

6. A temporary construction surcharge 
of 0.6 kips/ft was applied on a strip 15 feet 
wide on either side of the excavations. This 
load was applied after the installation of 
the first level of struts. 

7. The reinforced concrete slurry walls 
were modeled using elastic beam elements 
with ( axial and bending) stiffness parame
ters corresponding to the cracked section 
(see Table 1). The PLAXIS program used 
Mindlin beam theory, hence the wall 
deflections occurred due to shearing and 
bending. The cast-in-place concrete walls 
had a rough interface with the surrounding 
soil so that the shear strength of the inter
face was equal to that of the adjacent soil. 
The corner and . cross-lot bracing struts 
were represented by two-node elastic 
spring elements, which could be preloaded 
when the elements were activated. The cur
rent analyses did not consider the effects of 
thermal expansion and contraction on strut 
loads or earth pressures. Figure 3 shows the 
elevations of these struts for both the VB3 
and CANB excavations. The upper tier of 
braces for the CANB tunnel corresponds to 
the final roof beam. 

8. The soil layers were modeled using 
six-noded triangular elements (quadratic 
interpolation of displacements). Inform-

ation on soil properties for each of the lay
ers was derived from local site investiga
tion reports10 and prior experience in the 
local area.2 The till, rock and fill layers had 
relatively high hydraulic conductivity (esti
mated in the range of k approximately 
equal to 0.3 to 3.0 feet per day - see Table 
1) and, hence, could be expected to respond 
as free draining materials within the time
frame of the excavation events. In contrast, 
very limited migration of pore water was 
anticipated within the low conductivity 
organic and clay layers (k approximately 
equal to 0.01 to 0.0003 feet per day). The 
two-dimensional FE analyses assumed that 
these layers underwent undrained shearing 
during each stage of excavation. The effects 
of partial drainage ( on earth pressures, 
ground deformations, etc.) had also been 
considered_ by allowing for the dissipation 
of excess pore pressures (within the organ
ic and clay layers) over prescribed time 
periods corresponding to the expected rates 
of construction (typically 10 days for each 
10 feet of soil removed). 

9. Baseline two-dimensional analyses 
assumed linearly elastic (with effective 
stress stiffness parameters - E', v') and per
fectly plastic properties for the soil and rock 
layers with conventional Mohr-Coulomb 
strength parameters (c', cp') and zero dila
tion (i.e., no volume change, ti, = 0°) at yield 
(see Figure 4). Tensile strengths of the rock 
layers were specified as 10 percent of the 
unconfined compressive strengths. The clay 
and organic layers were assumed to have 
had constant undrained shear strengths, Su, 
throughout the excavation. This approxima
tion had minimal impact on the predictions 
due to the proximity of these layers to the 
ground surface. 

More realistic modeling of shear 
strength properties was needed elsewhere 
in the CA/T Project where deep clay layers 
underlie the excavation (and could soften 
with partial drainage). 

10. Very limited data were available on 
the engineering properties of the soil layers 
to enable more refined modeling of their 
stress-strain-strength behavior. Further 
analyses have been carried out using the 
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a) Shear Stress-Strain 

b) Mohr-Coloumb Yield 

Normal Effective Stress (er:,) 

er 1 (Stresses Positive in Compression) 

FIGURE 4. Key features of the EPP model. 

HS model in PLAXIS. This model included 
a hyperbolic shear stress-strain relation in 
loading and a linear elastic response in 
unloading (see Figure 5). Calculations were 
carried out using input parameters report
ed previously for single walls (as part of the 
validation of the PLAXIS software). 
However, the lack of site-specific data for 
estimating the non-linear stiffness parame
ters (except in the clay layer) discouraged 
more widespread use of the HS model at 
this site. 

Apart from these general considerations, 
there were two other aspects of the simula
tions that proved very important for this proj
ect: 

• Pre-loading of the struts. According to the 
design, struts were to be loaded to 50 per-
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cent of their maximum expected loads. 
Great caution should be exercised in 
selecting the appropriate amount of pre
loading since the higher the pre-load, the 
higher the effective support stiffness. In 
an indeterminate system, this approach 
would lead to the attraction of larger 
amounts of load to the strut. The two
dimensional FE analyses assumed that the 
struts were installed at the excavated 
grade, while the predicted maximum 
strut loads occurred after the excavation 
proceeded down to the next level of brae..: 
ing. By simple iteration, it would then be 
possible to reduce the magnitude of the 
pre-load imposed at strut installation. 

• De-pressuring the base of the excavation. The 
design specifications for the project 
placed an upper limit on the pore pres
sures at the base of the till (relative to the 
excavation depth) so that there would be 
no instability problems associated with 
high upward seepage gradients below 
the base of the excavation. De-pressuring 
should be simulated in the two-,dimen
sional PLAXIS analyses to avoid numeri
cal instabilities (convergence problems) 
that could occur when effective stresses 
would be very sm:all in the till, but would 
have minimal effect on predictions in the 
retained soil (wall deflections or surface 
settlements) since the walls were securely 
embedded in the intact rock. 

Features of the Three-Dimensional FE Model. 
Although there was no conceptual difficulty 
.in performing non-linear FE analyses of 
braced excavations in three dimensions, there 
were major practical difficulties associated 
with the preparation of the model and signif
icant constraints due to the large computa
tional requirements. These problems may 
explain why there are only a few examples of 
three-dimensional non-linear FE analyses for 
braced excavations published in the litera
ture.11'12 

The first key decision was to identify the 
(plan and elevation) dimensions of the three
dimensional model. Figure 6 shows that the 
three-dimensional analyses included the full 
footprint area of the Russia Wharf buildings, 



but considered only half the 
plan area of VB3. This deci
sion implicitly assumed that 
the central cross-lot bracing 
(see Figure 1) would ensure 
planar deformations. The FE 
mesh was extended 250 feet 
laterally behind the perimeter 
slurry walls of both VB3 and 
CANB and assumed that the 
ground surface and soil layers 
were horizontal (with Ko 
stresses). This move was 

· clearly a simplifying assump-
tion (when compared to avail
able borehole data) and also 
ignored the presence of the 
Fort Point Channel. The three
dimensional FE model only 
extended to elevation -20 feet 
(much shallower than used in 
the two-dimensional calcula
tions). This extension was suf
ficient to model the embed
ment of the slurry walls with
in the intact rock (in the B2 

a) Shear Stress-Strain Behavior 

; 

b 

~ 
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..c 
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c' cot cp' + pref°' 

Axial Strain (Ea) 

b) Stiffness Parameters for low Permeability layers 

E5o"r Eur ,ef 

Layer ksf m ksf Yur 

Organics 180 0.0 540 0.3 

Clay C1 940 0.0 1,880 0.3 

Clay C2 630 0.0 1,260 0.3 

Note: Where fJ"' is equal to 2.05 kips/ft' (atmospheric pressure). 

argillite). However, it was not FIGURE 5. Hardening soil model. 
adequate for simulating flow-
fields within the underlying rock and, hence, 
the three-dimensional analyses did not 
attempt to simulate coupled flow and defor
mation. The analyses made the conventional 
assumption that low permeability layers 
( organics and clay) remained undrained 
throughout the excavation, while the other 
layers were fully drained. The calculations 
applied differential pore pressures on the sup
port walls based on assumptions of steady 
flow co_nditions within the till and rock layers. 
(These calculations were updated ateach stage 
of excavation to reflect depressuring within 
the base of the excavation.) Other assumptions 
regarding the foundation pressures from the 
Russia Wharf buildings and construction sur
charge conditions were identical to those used 
in the two-dimensional analyses. 

The three-dimensional FE mesh used 20-
node quadratic "brick" elements to model the 
soil mass (reduced integration methods were 
used to shorten computational times and 
appeared to have little influence on the accu-

racy of the solutions). The walls were simulat
ed using (eight-noded) doubly-curved, thick 
shell elements and the walers were simulated 
by (three-noded) quadratic beam elements. 
All struts were pre-loaded to 50 percent of 
their design loads. Figure 7 gives a clear illus
tration of the detail incorporated in modeling 
the entire VB3 and CANB support systems. 
The three-dimensional model also assumed 
simplified sequences for the CANB excavation 
in order to expedite the calculations. 

Results of the 
Two-Dimensional Analyses 
Effects of Coupled Flow & Deformation. One of 
the key advantages of FE programs such as 
PLAXIS is the ability to represent the coupled 
effects of flow and deformation within the soil 
mass. In principle, doing so enables the analy
ses to simulate soil deformations (partial con
solidation) and associated changes in structur
al forces due to transient groundwater flow, as 
well as changes in soil stiffness and shear 
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FIGURE 6. Extent of the three-dimensional FE model. 

strength properties (due to changes in effec
tive stresses within the soil skeleton). These 
coupled effects are most significant for exca
vations in deep layers of soft clay or in situa
tions where the support wall is not embedded 
within a competent bearing layer. Changes in 
soil properties require relatively sophisticated 
constitutive models of soil behavior.13 For 
CANB and VB3, the slurry walls were embed
ded within the intact argillite, while the soil 
profile included approximately 30 feet of 
overconsolidated clay (and less than 10 feet of 
compressible organics). 

Figure 8 compares predictions of wall 
deflections from two PLAXIS analyses of sec
tion A-A assuming: 

• uncoupled behavior, with undrained 
shearing in the clay and organics, and fully 
drained behavior (and steady flow condi
tions) in the fill, till and rock layers; and, 

• coupled behavior, assuming that each 
excavation stage is represented by an 
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undrained intial respotse (all soil layers), 
followed by a 10-day consolidation period 
(representative of typical field excavation 
rates). 

The figure compares horizontal deflections of 
the south, common and middle walls at the 
end of the VB3 and the CANB excavations. 

At the end of the VB3 excavation, maxi
mum inward deflection of the common and 
south walls was in the range of 1.4 to 1.6 inch
es and occurred at approximately elevation 50 
feet. Slightly higher deflections occurred in 
the coupled analysis, while differences in 
deflections of the two walls reflected the foun
dation pressures of the Russia Wharf build
ings and the assumed · surface construction 
surcharge loads (adjacent to the south wall). 
Excavation of CANB caused significant rack
ing (up to 4inches) of the VB3 south and com
mon walls towards the northbound tunnel 
and similar inward deflection of the middle 
wall. Large deflections at the top of all three 
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FIGURE 7. Isometric view of the three-dimensional model at the end of the CANB excavation. 
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walls reflected the layout of bracing used for 
the CANB excavation (in this example, the 
first level of bracing was 25 feet below the 
ground surface). However, the racking of the 
walls was an unrealistic feature of the two
dimensional analysis where the stiffening 
effects of corner bracing were not represented. 

Although there were clearly some differ
ences in predictions between the coupled and 
uncoupled analyses, the overall impression 
was that coupling was a secondary factor in 
predicting wall deflections ( as well as wall 
bending moments and strut forces). 

Figure 9 summarizes predictions of surface 
settlements from the same analyses at both the 
ground surface and at the top of the till layer. 
Differences between the coupled and uncou
pled analyses are clearly seen at the end of the 
VB3 excavation. In this case, partial drainage 
within the compressible organic and clay layers 
caused an increase in the predicted settlement 
(at both the surface and top of till). Large incre
ments in settlements occurred beneath the sur
charged areas at the end of CANB excavation. 
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These settlements were principally due to the 
inward cantilever movements of the walls dur
ing the initial unsupported phase of the CANB 
excavation. Beneath the Russia Wharf build
ings, the maximum surface settlements 
increased from 0.5 to 0.75 inch at the end of VB3 
to 1.5 inches after the complete excavation of 
CANB (much smaller changes occurred at the 
top of the till). There was minimal difference in 
settlements predicted by the coupled and 
uncoupled analyses at the end of the excava
tion. 

Figures 10 through 13 provide further 
insight to explain the role of coupling between 
flow and deformation for section A-A. Figures 
10 and 11 compare contours of the displace
ments (magnitudes of the displacement vec
tor) immediately upon excavation of VB3 
from elevation +75 feet to elevation +60 feet 
(top of till) and after a further 10 days of con
solidation, respectively. The results showed 
that this period of partial drainage was associ
ated with significant vertical heave below the 
base of the excavation and much smaller 
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FIGURE 14. The effects of the soil model on wall deflections. 

changes in displacements within the retained 
soil (centered around the grade elevation). 
Figures 12 and 13 show piezometric head con
tours at the same two states. It is clear that the 
undrained excavation produced negative 
excess pore pressures beneath the excavated 
grade in both the till and rock layers (see 
Figure 12). However, due to the relatively 
high permeability of the underlying layers, 
the flowfield in Figure 13 closely resembled 
steady-state conditions, with reduced piezo
metric head (H equcJ.l to 83 feet, specified at 
elevation 33 feet) to pr~vent excess upward 
hydraulic gradient within the till. It is clear 
that there was little connection between the 
response in the retained soil and below the 
excavated grade and, hence, approximations 
of uncoupled conditions could be justified in 
the more complex three-dimensional analyses. 

Effects of the Soil Model. Although advanced 
soil models do have an important role to play 
in understanding the performance of lateral 
earth support systems and in predicting 
ground movements, their application can only 
be considered if there are sufficient experimen
tal data to enable reliable parameter selec
tion.13·14 For this project, calculations were per-

formed using a combination of EPP and HS 
(hyperbolic, perfectly plastic) models. Figure 14 
compares predictions of wall deflections at the 
end of the VB3 and CANB excavation stages for 
the base case analysis using the EPP model, 
and for the case where the organic and clay 
layers were modeled using HS in PLAXIS. Both 
sets of calculations are for uncoupled analyses. 

The characteristic deflection mode shapes 
were not influenced significantly by the selec
tion of the soil model. Indeed, the deformed 
shapes of the middle and south walls are prac-

. tically identical at the end of the CANB exca
vation. The base case analysis using the EPP 
model showed slightly higher wall deforma
tions at the end of the VB3 excavation. 

Figure 15 summarizes the predicted settle
ment at the ground surface and at the top of 
the till for the same two analyses. The soil 
model has a noted influence on the magnitude 
of the settlements at the end of the VB3 exca
vation (base case EPP calculations again pro
duced larger settlements), but results at the 
end of CANB were practically identical. It is 
important to note that there is minimal differ
ence in the predicted shapes of the settlement 
troughs below Russia Wharf for the EPP and 
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FIGURE 15. The effects of the soil model on vertical settlements. 

HS models. This result is significant since pre
vious studies have advocated for the use of 
hyperbolic models in settlement predictions.13 

Indeed, Hashash and Whittle have shown that 
non-linear stiffness parameters have a pro
found influence on the settlement distribution 
for deep excavations in soft clay.13 These 
effects may be of secondary importance for 
the Russia Wharf buildings, where there was 
only a limited thickness of overconsolidated 
clay. The results in Figure 14 justify using the 
EPP model in three-dimensional analyses (in 
order to achieve significant reductions in com
putational times). 

Results of the 
Three-Dimensional Analyses 
Figure 16 shows predictions of wall deflections 
along section A-A from the three-dimensional 
FE analysis at the end of the VB3 and CANB 
excavation stages. The three-dimensional 
analyses assumed the same excavation steps, 
bracing elevations and pre-load forces as in the 
prior two-dimensional calculations. At the end 
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of the VB3 excavation, the common and south 
walls moved inward by approximately 0.75 
and 1.25 inches, respectively. Although the 
mode shape differed from the base case analy
ses, the magnitudes of the wall deflections 
were quite similar. Subsequent excavation for 
the CANB tunnel produced almost negligible 
additional movements of the VB3 walls 
(indeed there was a small racking movement 
towards Russia Wharf), while maximum 
movement of the middle wall was approxi
mately 1.25 inches. These results differed very 
substantially from the two-dimensional calcu
lations and provided a very clear indication of 
the importance of the corner bracing in stabi
lizing the VB3 excavation. 

Isometric views of the surface settlement 
distribution in Figure 17 highlight the effec
tiveness of corner bracing for the VB3 excava
tion. At the end of the VB3 excavation, the 
largest settlement occurred close to the south 
wall (adjacent to the Russia Wharf buildings). 
After the CANB tunnel was excavated, the 
largest surface settlements (approximately 0.48 
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inch, occurred adjacent to the middle wall (at 
section A-A), and there was only minimal 
increase in the settlements predicted beneath 
Russia Wharf. Previous assumptions that the 
combined effect of the· two excavations could 
be estimated by superposition were unneces
sarily conservative. 

Predictions of relative distortion were inter
preted from deformations computed in the 
three-dimensional FE analyses. Figure 18 
shows discrete ranges of relative distortion 
predicted at the top of the till layer (i.e., expect
ed base of pile foundations for Russia Wharf 
buildings) after completion of the CANB exca
vation. The largest relative distortions (in the 
range of 1/2000 to 1/5000) occurred adjacent 
to the south wall where surface surcharge 
loads were assumed along an access roadway. 
Much smaller relative distortions occurred 
elsewhere beneath the buildings and, hence, 
the analyses suggested that sequential excava
tions for the VB3 and CANB tunnels could be 
carried out within tolerances imposed for the 
protection of these historic buildings. 

Conclusions 
It is now possible to perform reliable two-

dimensional analyses of soil-structure interac
tion for braced excavations routinely using 
non-linear finite analyses that can account for 
the effects of coupled deformation and flow in 
the soil. These calculations represented a sig
nificant advance over pre-existing beam
spring models (used in the original structural 
design of the bracing systems for this project), 
but required careful assessment of ground 
conditions (in situ stresses and groundwater, 
conditions) and soil properties. This informa
tion should be obtained from a well coordi
nated site investigation program. 

Two-dimensional FE analyses for the 
Russia Wharf buildings confirmed previous 
results indicating surplus capacity in the 
design of the structural elements (walls and 
bracing system). The analyses also demon
strated that a simple modeling approach 
using linearly elastic, perfectly plastic soil 
models and uncoupled flow would be suffi
cient for this project (i.e., for the given soil pro
file and lateral earth support design) to obtain 
realistic predictions of wall deflections and 
ground deformations. 

The combined effects of the two excava
tions occurring sequentially could not be real-
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istically modeled by two-dimensional analy
ses due to the essential role of the corner brac
ing in the VB3 excavation. Non-linear three
dimensional FE analyses of braced excava-
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tions represented a significant challenge, both 
for input data preparation and in computa
tional efforts, compared to two-dimensional 
calculations. The analyses for the Russia 
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Wharf buildings were accomplished with a 
number of judicious simplifications and pro
vided compelling evidence of the stiffening 
effects of the corner bracing. Sequential exca
vation of the CANB tunnel generated minimal 
additional settlements beneath the historic 
Russia Wharf buildings. The outcome of these 
calculations demonstrated that the revised 
construction schedule could be accomplished 
with minimal additional risk of damage to the 
existing buildings. 
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