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+e deformation and environmental influence of the pit excavation in downtown is very important. A 3D FEM analysis is
conducted to understand the deformation of a 13.9 to 15.2m deep excavation with an in-plane dimension of about 189m width
and 251m length constructed by the frame top-down method (FTDM) in the soft clay region in the Shanghai metropolitan area.
+e field monitoring results indicate that the magnitudes of wall deflections and ground settlements, along with the column’s
uplift difference, are relatively small, which are below the specified protection levels, and that the FTDM is feasible as one of the
extralarge excavation construction methods. It is reasonable to predict wall deflection by 3D FEM simulation with qualitative
comparison between the simulated column uplifts and the measured data, yet the prediction of the settlement distribution is of no
satisfaction. +is project studied in this paper not only serves as a special case study calibrated and verified by numerical tools but
also provides insights into the design and construction of an extralarge deep excavation using the frame top-down method in soft
soils and metropolitan environment.

1. Introduction

As the largest city and the commercial and financial center of
China, Shanghai witnesses the construction of a growing
number of high-rise buildings, subway transportation net-
works, and other underground structures, which provides
broader platforms as well as higher challenges for excavation
technology [1, 2].+e innovative researchers and engineers are
exploring and applying new technologies in the practical
construction of the excavation. +ree construction methods
can be employed in the construction of an excavation, namely,
the bottom-up method (BUM), the top-down method (TDM),
and the anchor method [3]. +e poor soil conditions of
Shanghai prevent the application of the anchor method, which
makes the bottom-up method and the traditional top-down
method (TTDM, one type of the TDM) the most commonly
employed approaches. +e BUM is not environment-friendly
due to its utilization of a large amount of temporary supports
which may cause serious waste of resources, and its temporary
support system is generally not stiff enough to minimize the

deformation of the excavation. By using permanent flooring
systems as support, it is stiff enough to minimize the defor-
mation of the excavation, yet the TTDM requires hidden
excavation [4–8]. Moreover, it will take a long period of time to
construct the floor, such as form work, rebar, concreting, and
curing, which leads to the extension of construction period as
well as duration of unpropped wall exposure. Significant
retaining wall deflections and ground movements may be
induced due to the long construction period and unpropped
wall exposure period caused by deep excavations in Shanghai in
soft clay with high water content, low strength, and high
rheology [9–12]. +e frame top-down method (FTDM) is a
special top-down method which applies beams as supports to
make full use of advantages of both the BUM and the TDM. To
be more specific, it not only is of higher support stiffness and
environment-friendly but also avoids many other problems,
such as long duration of unpropped wall exposure caused by
hidden excavation.

Until now, there are two most promising ways for gaining
an understanding of deep excavation performance, the finite
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element method and experience shared through published case
histories. Since the publication of [13], many researchers and
engineers contributed a huge amount of field data to the
knowledge of performance of excavations and adjacent facil-
ities [14–22]. More importantly, the empirical and semiem-
pirical methods are mainly derived from field observations of
case histories. Numerical analysis is another effective way to
study complex problems in deep excavation [20, 23–28]. Due
to the various types of foundation pit supporting structures and
building foundations, the finite element method is the main
method to evaluate the impact of the settlement of adjacent
deep foundation excavation [29]. It is easier and cheaper to
study deep excavation behavior with finite element analysis
than using the instrument andmonitoring of deep excavations.
+e current finite element numerical methods of foundation
pits are mostly based on plane strain analysis, but foundation
pits have obvious spatial effects. +ree-dimensional finite el-
ement numerical analysis can effectively simulate the exca-
vation of deep foundation pits with complex surrounding
environments [30], which has great advantages.

+is paper presents a case study of a deep frame top-
down excavation in soft clay within the metropolitan area of
Shanghai, China. +e 3D FEM is employed to simulate the
excavation process. +is project and the relevant field data
do not only facilitate thorough understanding of the general
behavior of deep excavations constructed by the FTDM in
soft clay within congested urban environments but also
provide a good case history to calibrate and verify numerical
tools. +e findings and experience yielded from this study
will be beneficial to designers, practitioners, and contractors
for better understanding of the excavation project within the
congested urban environment and reducing the risk of
design and construction of the excavations.

2. Project Information

2.1. Project Location. As the largest city with a population of
about 20 million in China, Shanghai is located at the estuary
of Yangtze River on China’s east coast. +e city sits on the
flat alluvial plain known as Yangtze River Delta, which
features high groundwater tables and thick soft clay in the
upper layers. +e investigated project, excavation pit of
Tangdong Headquarters site, is carried out in Pudong New
Area, and some tower and podium buildings will be con-
structed there. +e tower buildings include one 42-storied
building, two 29-storied buildings, and two 18-storied
buildings in frame-tube structure. +e 3-level basement is in
frame structure. Excavation depth of the tower block is
13.9–15.2m, while that of the podium block is 13.6m. +e
excavation area is shaped like a rectangle sized approxi-
mately 251m by 189m in plane and covers 46240m2.
Figure 1 presents the site plan of the project along with the
instrumentation. On the north side of excavation, there is
Jinkang Road which is 5.6m away. On the south side are the
Northern Jinjiang Hotel Phase 1 and Phase 2 buildings
which are 22.6m and 17.8m away, respectively. On the
western side, it is the Yanggao South Road with a 15m-wide
urban green belt in between. On the northern side, it is the
Huamu Road with a 10m-wide urban belt in between.

In order to avoid damage to adjacent structures and
properties, Shanghai local code (SCMC, 2010) specifies three
different protection grades (Table 1) for deep excavations;
moreover, the criteria of deformation control of deep ex-
cavations are also established (refer to Table 2). According to
this code, protection grade 2 is designated for construction
of this deep excavation; i.e., the maximum excavation-in-
duced wall deflection, δhm, should be no more than 41mm
and the maximum ground settlements, δvm, should be no
more than 34mm. In addition, the allowable nonuniform
settlement of the interior steel columns is specified as less
than or equal to 20mm. +ese criteria are defined on the
basis that the settlements should not cause apparent cracking
to buildings nor severe damages to utilities.

2.2. SoilProperties. Prior to excavation, soil conditions at the
site were explored by a series of field exploration programs
(e.g., bore holes, standard penetration tests, and cone
penetration tests). Soil profiles along with the basic soil
properties are presented in Figure 2. +e site was charac-
terized by a thin layer of fill (layer I) in the upper 1.5m below
ground surface (BGS), followed by a layer of yellowish dark
brown inorganic clay (layer II) at 3m BGS. +e next layer
was very soft to soft silty clay (layer III) extending to 8m
BGS. Below layer III, there existed a layer of soft to firm silty
clay (layer IV) extending to 17.5m BGS. +e next layer was
grayish silty clay (layer V) extending to 24m BGS, underlain
by dark green stiff silty clay (layer VI) extending to 28m
BGS. Beneath layer VI, the field exploration encountered
very dense silty fine sand interbedded with sandy silt (layer
VII) till the termination at 75m BGS. +e observed depth of
BGS of the long-term groundwater table ranged from 0.24m
to 1.30m. +e unit weight, friction angle, and compression
modulus of the upper silty clay are smaller than those of the
lower silty fine sand, while the water content and void ratio
of the silty clay are lower than those of the lower dense silty
fine sand interbedded with sandy silt. +e cohesion of stiff
silty clay is greater than that of dense silty fine sand
interbedded with sandy silt.+e compressive modulus of soil
is negatively correlated with the void ratio. +e larger the
void ratio, the smaller the compressive modulus.

2.3. Construction Sequence and Procedure. Construction
activities are summarized in Table 3. +e site work began
with construction of the retaining wall and the vertical
support system as well as compaction grouting of the soils.
+e retaining wall is a contiguous pile wall which is usually
adopted as a temporary wall in Shanghai. +e contiguous
piles were 28m in length and 1050mm in diameter, with a
gap of 200mm between two bored piles. Deep soil mixing
columns, constructed at the back of contiguous pile walls,
are used as waterproof curtains. +e vertical support system
is composed of steel lattice columns and bored piles which
penetrate layer VII. +e interior H-section steel columns
(470mm× 470mm) were constructed in the deep-seated
bored piles to sustain construction loads and serve as per-
manent structures for later use. +ereafter, excavation was
initiated and strutting systems were propped as soils were
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removed. +e strutting systems were a combination of the
beam and temporary reinforce concrete (RC) ring struts,
which supported the contiguous pile wall. +e underground
structure was constructed in the base slabs, middle slabs, and
roof slabs accompanied with removal of temporary RC ring
struts. Young’s modulus, E, of the concrete used at this site
was 3.5×107 kPa.

3. Field Monitoring

To verify design assumptions and monitor the performance
of the deep excavation for securing the safety of this project,
a long-term comprehensive instrumentation program was
conducted in situ. +e deflections of the diaphragm walls
were monitored by 30 inclinometer tubes (designated as
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Figure 1: Plan of monitoring point arrangement.

Table 1: Protection grade of deep excavations.

Environmental conditions Distance of the structure or properties
from the excavation (s)

Protection
grade

Heritage buildings, factory buildings with precision instruments and machines,
important buildings with shallow foundations or short pile foundations, metro
lines, flood control walls, very important services such as water mains and gas
mains

S≤He I
He< S≤ 2 He II

2 He< S≤ 4 He III

Common buildings with shallow foundations or short pile foundations,
important services such as water supply pipes, gas pipes, and sewage pipes

S≤He II
He< S≤ 2 He III

Note. He is the excavation depth.

Table 2: Control criteria for protection environment.

Protection grade Maximum allowable displacement of the wall Maximum allowable ground settlement
I 0.18% He 0.14% He
II 0.3% He 0.25% He
III 0.7% He 0.55% He
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CX1 to CX30). In order to monitor the ground settlements
behind the walls, 13 critical sections (designated as J1-1∼JS1-
6 to JS11-1∼JS11-6) were selected for instrumentation. +e
vertical movements of the interior steel columns (designated
as LZ1 tolz228) were monitored using an electronic total
station instrument. More detailed information of the field
monitoring can be found in [31]. It is helpful for the con-
structors to take reasonable measures to control the dis-
placement of the wall to locate the places where the
maximum wall deflection occurs.

Ground settlement has always been one of the major
tasks faced by engineers. Based on massive measured data,
many researchers studied the magnitudes and distribution
patterns of ground settlement and established many em-
pirical prediction methods. Peck [13] noted that deep ex-
cavation dewatering caused consolidation of soil and led to
settlement of the ground next to an excavation. It will cause
settlements over a much larger area than the area affected by
the excavation itself. As for this excavation, outer waterproof
curtains of Φ850@600 triaxial cement/soil mixing piles
which are 22.7m long and pressure-reduction wells inside
the pit which are 40m deep are constructed, while shallowest
surface of load-bearing water-containing strata at⑦ layer is
27m deep. +e bottom of waterproof curtains fails to reach
the load-bearing water-containing stratum which requires
pressure reduction and dewatering, which leads to the failure
of forming effective waterproof boundaries on load-bearing
water-containing strata. +is is why massive underground
water pumped from the pit comes from horizontal runoffs
below waterproof curtains, which will increase water level
drop at load-bearing water-containing strata outside of the
excavation pit and result in settlement of large areas outside
of the excavation pit.

In these excavations by TDM, the magnitude of the
interior column uplifts is an important criterion for quality
assurance and quality control. As the deep-seated deflection
of walls and base upheavals occur, soil outside of the pits

moves inward to the pits. During construction, the interior
columns will lift up inevitably. Nonuniform columns uplifts
will produce sequential stress in the main structure or even
induce failure of the main structure.

4. Numerical Model and Material Parameters

+is excavation has a regular shape. +is paper established a
1/4 area of the symmetrical model at the southeast of the
existing excavation pit in the analysis process to save cal-
culation resources and facilitate modeling (Figure 3). Fig-
ure 4 shows a 3D numerical basic model. +e established
model is strictly in accordance with the physical and me-
chanical parameters of this excavation without consider-
ation of the coupling action of underground water in
numerical analysis. +e hardening soil (HS) model is used to
simulate the behavior of soil [32], and the parameters for the
HS model listed in Table 4 can be considered as the rep-
resentative of Shanghai soil. In addition, the retaining piles
are equivalent to the diaphragm wall in the analysis. +e
excavation wall, frame beams, and columns were assumed to
behave as a linear-elastic material, for which both Young’s
modulus and Poisson’s ratio were assumed constant.

+e following calculation steps were performed:

(i) Step 0: initial stress state
(ii) Step 1: activate wall (wished-in-place), set dis-

placements to zero
(iii) Step 2: excavate to level –1.15m
(iv) Step 3: activate strut (roof beam) at level –0.58m
(v) Step 4: excavate to level –5.85m
(vi) Step 5: activate strut (middle beam 1) at level

–5.05m
(vii) Step 6: excavate to level –10.05m
(viii) Step 7: activate strut (middle beam (2)) at level

–9.05m
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Figure 2: Soil profiles along with the material properties.
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(ix) Step 8: excavate to level –13.6m (final level)
(x) Step 9: construction of base slab

5. Results and Discussion

5.1. Deflections of Retaining Walls. Figure 5 shows the
comparison of the wall displacements from field measure-
ments and those from FEM. As shown in the figure, the
observations and predictions match well at each stage and
share basically consistent distribution profiles. +e wall

deflection increases and the location of maximum wall
deflection moves downwards as the excavation depth in-
creases. +e maximum wall deflection occurs near the ex-
cavation surface, where the data of wall deflection observed
is smaller than the one predicted since the compaction
grouting of the soils and area by area excavation were not
considered in FEM. Wall deflection also occurs at the top of
walls where the data of wall deflection observed is obviously
larger than the one predicted because of the shrinkage and
creepage of concrete structure beams.

L=260 m

Be=108 m

Be
=1

08
 mB=

21
0 

m

Figure 3: Plane size of the finite element model.

Table 3: State of foundation pit construction.

Stage Event Date (yy/mm/dd) Days
spent

0 Construction of retaining wall, steel lattice column, and bored pile as the vertical support system
and compaction grouting of the soils 20081217 –20090914 272

1 Excavation to 1.15m BGS; construction of the roof beam (0.8m× 0.65m) and level 1 temporary
RC ring struts (1.6m× 0.8m) 20090915–20091110 57

2 Excavation to 5.85m BGS; construction of middle beam 1 (1.0m× 0.6m) and level 2 temporary
RC ring struts (1.8m× 0.8m) 20091111–20100206 88

3 Excavation to 10.05m BGS; construction of middle beam 2 (1.2m× 0.6m) and level 3 temporary
RC ring struts (2.0m× 0.8m) 20100301–20100705 127

4 Excavation to 13.6m BGS (final level) 20100706–20100928 84
5 Construction of the base slab 20100928–20101126 58
6 Construction of the podium block 20100903–20110227 177
7 Construction of the tower block 20101205–20110531 178

(a) (b)

Figure 4: Numerical model. (a) Overall model. (b) Structural elements.
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5.2.GroundSettlements. +e field observations of the ground
settlement behind walls are located in the same section of the
predictions in the FEM model, namely, sections J8-1∼J8-6.
According to the setting of the settlement observation point
mentioned above, the area of the settlement observation
section is approximately 900m2. +e observations and pre-
dictions of settlement behind walls increase when the exca-
vation depth increases and are roughly consistent with
displacement of the walls (Figure 6). In numerical analysis,
ground settlement curve is shaped like a groove, with an
obvious primary influence zone (PIZ) and secondary influ-
ence zone (SIZ), while the location of maximum ground
settlement moves backwards when excavation goes deeper.
+is significantly differs from the observations. Moreover, the
maximum ground settlement in numerical simulation is
14.9mm, about 0.11% He, and is close to the measured
maximum ground settlement, both of which are less than
δvm� 0.25%He specified for the protection grade 2 (Table 2).
Furthermore, statistic summary of 182 measured sections for
subway excavation pits in Shanghai regions indicates that the
maximum ground settlement is normally located at 0.5–0.7
He horizontally from the retaining wall [33]. From numerical

analysis of this project, it can be noticed that the maximum
ground settlement is located at 0.75∼1 He behind the wall,
while ground settlement behind the wall after 1 He decreases
quickly and ground settlement behind the wall after 3 He
tends to be stable.+is is consistent with Xu [34] in that extent
of ground settlement of those excavations by TDM in
Shanghai does not exceed 3 He yet differs greatly from the
observations. +e differences attribute to the fact that dew-
atering is not considered in numerical simulation.

5.3. Uplifts of Interior Steel Columns. Column uplift ten-
dency approaches the observations, both of which increase
as the excavation depth increases. At stage 4, column uplifts
tend to be stable. Differing from continuous increment of
column uplifts in field measurement, column uplifts in-
crease in trapezoid-shaped increment form in FEM (Fig-
ure 7). +e reason is that practical excavation is performed
area by area while the excavation process is in a continuous
increment stage. In numerical analysis, excavation is
performed layer by layer in a simplified way. After the
completion of excavation, the predictions of column
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Figure 5: Comparison of the wall displacements from field measurements and from FEM at each stage.

Table 4: Parameters for the hardening soil model.

Layer c′ (kPa) φ′ (°) ψ (°) E
ref

oed
(MPa) E

ref
50 (MPa) Eref

ur (MPa) M ]ur Knc
0 Rf

II 7 30.2 0 4.86 7.29 29.16 0.8 0.2 0.47 0.9
III 2 32.7 0 3.41 5.115 20.46 0.85 0.2 0.48 0.6
IV 7 27.6 0 2.13 3.195 12.78 0.85 0.2 0.57 0.6
V 12 29.5 0 4.25 6.375 25.5 0.8 0.2 0.47 0.9
VI 30 29.0 0 7.31 10.965 43.86 0.8 0.2 0.46 0.9
VII 4 33 3 15.05 22.575 90.3 0.5 0.2 0.35 0.9
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maximum uplifts at two measure points are 46mm and
31mm, respectively, while the observations of two measure
points are 35mm and 20mm, respectively. +e predictions
are slightly greater than the observations. +e stress of the
soil during the excavation of the foundation pit is released,
and the soil in the pit rebounds. +e load borne by the steel
column includes the self-weight of the steel column and the
friction resistance and the end resistance of the steel col-
umn. Because of the unloading due to the excavation, the
steel column is uplifted by the soil around the column after
each excavation stage. After the completion of excavation,
the predictions of column maximum uplifts at two measure
points are 46mm and 31mm, respectively, while the ob-
servations of those are 35mm and 28mm, respectively. +e
predictions are slightly greater than the observations. +e
reasons include the following: +e practical working
condition is excavating and concreting bottom slabs area by
area, but it is simplified to large-area excavation layer by
layer in numerical analysis. In practice, dewatering causes
soil consolidation which results in soil stiffening; therefore,
both the base upheavals and the column uplifts are re-
stricted. It proves that technical measures mentioned above
effectively limit the base upheavals and column uplifts.

+eir uplifts differ when they are at different distances
from wall at different stages. Column uplifts in the middle of
the excavation pit are obviously greater, while the column
uplifts close to the wall are usually smaller (Figure 8). At
different stages, the steel columns at different positions in the
foundation pit are subjected to different upward forces
caused by the difference of soil surface height between the
inside and outside of the foundation pit. With the increase in
excavation depth, the upward force on the steel column in
the foundation pit will be extremely large and the vertical
displacement of the steel column will be extremely large, but
because the steel column in different positions is subjected to
different constraints, the rise of the steel column in different
positions in the foundation pit will be different. For instance,
the column uplift at LZ91 which is located in the middle of
the excavation pit is 39mm and the column uplift at LZ33
which is closer to the wall is 35mm. In numerical simulation,
column uplifts follow similar tendency with field mea-
surements, yet the magnitude of them is greater with the
maximum and minimum values being 46mm and 40mm,
respectively, to be specific. In order to ensure the safety of
structures, it is necessary to control the column uplifts
difference. +e Shanghai Construction and Management
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Commission (2010) stipulates that column uplifts difference
of two adjacent columns of the whole structure should be no
more than 20mm or L/400 (L refers to columns span). +e
observations and predictions of uplifts differences of adja-
cent columns are less than 5mm, which is in accordance
with the design requirements.

Like the displacement of the wall, column uplifts also
increase as the excavation depth increases at different stages.
Column uplifts demonstrate significant 3D characters by the
fact that column uplifts are greater in the middle of the
excavation pit and smaller when close to the wall. Although
the predictions of column uplift are greater than the ob-
servations, 3D numerical analysis can simulate column
uplifts qualitatively in frame top-down excavation.

6. Conclusions

+rough a long-term comprehensive instrumentation pro-
gram and 3D numerical analysis, the performance of a deep
excavation constructed by the FTDM in soft clay within
downtown Shanghai was extensively explored. Based on the
measured and predicted results, the following major con-
clusions can be drawn:

(1) As for those excavations using piles in row as the
retaining wall, due to existence of ring beams and
purlins, the displacement of the pile demonstrates
space effects. However, the space effect of piles in row
appears insignificantly compared with that of dia-
phragm walls. +e time effects shall be taken into
consideration in design and construction for the
extralarge pit excavations in the sensitive soft soil, e.g.,
Shanghai soft soil. Compared with the observations,
the predicted wall deflection from FEM without
considering dewatering is relatively reasonable.

(2) 3D numerical analysis can, to some extent, simulate
retaining wall displacement, ground settlement, and
column uplifts resulting from the frame top-down
excavation and offers a beneficial supplement to the
understanding of deformation of complex deep

excavation by FTDM. However, in the numerical
analysis, issues such as selection of the soil consti-
tutive model and simplification of numerical models
(such as dewatering, frame beams’ shrinkage, and
seepage) should be taken into consideration. If this
excavation is executed according to the finite ele-
ment method, the displacement of the wall can be
controlled properly and ground settlement will be
underestimated, while column uplifts will be over-
estimated in practical construction. Hence, in project
design, the designers or engineers should make a
comprehensive judgment on the basis of numerical
analysis and previous experiences.
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