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Abstract

Background: Since the high-rise buildings and deep underground structures dramatically increases in urban area,
the decent design and construction of deep excavations is essential before these structures are actually built up.
The building area is very susceptible to the changes of their geo-environment, and even minor insecurity of a deep
excavation may lead to a catastrophic failure of structures and deformation of the ground. Therefore, the adverse
influence of deep excavation on the surrounding environment should be monitored and controlled stringently.

Results: Based on the real case of deep excavation in Xuzhou, China, a FDM numerical model, which was
accomplished by FLAC-3D, was developed to evaluate the deformation of retaining piles and ground surface
under various excavation support systems. The original pile-anchor support system was simulated as well as the
proposed quincunx double-row piles support system. For the original support system, the deformations were
discussed by comparing the numerical results with monitoring data. For the proposed support system, orthogonal
tests were designed to evaluate the influence of multiple factors on the effectiveness of excavation support. The
optimum solution for the proposed support system was obtained through orthogonal tests.

Conclusion: Results show that the pile space is the primary factor for the excavation-induced deformations, which
can be reflected by the lateral displacement of retaining piles and the settlement around the excavation, while
the row space has insignificant influence on the deformations. The conclusions of this paper can contribute to
the design of similar projects and avoid excessive deformation of the ground during excavation in the future.

Keywords: Support systems, Monitoring, Numerical simulation, Orthogonal test

Background

Since the demand for space dramatically increases in
modern cities, numerous high-rise buildings and deep
underground structures (like parking structure, under-
ground mall, metro system, and basement) appears in
urban area. Before these structures are actually built
up, the decent design and construction of deep excava-
tions is essential. Unfortunately, the building area,
which requires deep excavations, is commonly the area
full of buildings, roads, and municipal pipeline. They
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are very susceptible to the changes of their geo-
environment. Therefore, the adverse influence of deep
excavation on the surrounding environment should be
monitored and controlled stringently.

Though the deep excavation is a temporary project,
its importance should not be underestimated. Even
minor insecurity of a deep excavation may lead to a
catastrophic failure of structures and deformation of
the ground. The study of the adverse effect induced by
deep excavation is urgently required. Peck (1969) pro-
posed a dimensionless curve method to estimate the
ground settlement around the excavation. This method
is widely accepted and applied in practices. Ou et al.
(1993) selected ten excavation cases in Taipei with
good-quality construction and field observation data to
study the characteristics of ground surface settlement
during excavation, and proposed an empirical formula
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Fig. 1 Site Location and Layout of Monitoring Points. Through geotechnical investigation, the stratums of construction site are shown in Table 1
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Table 1 Characteristic of the stratums in construction site

Stratum Thickness (m) Average thickness (m) Characteristics description

@® Miscellaneous fill 2.00~4.50 297 Variegated in color, and with loose structure.

@ Silty clay 0.70~3.40 1.87 Brownish yellow in color, and in soft-plastic state.

® Fill 460~7.20 573 Grey in color, and in soft-plastic state.

@ Clay 0.70~3.00 1.65 Yellow in color, and in hard-plastic state.

® Clay with lime concretion 1.90~3.20 274 Brownish yellow in color, and in-hard plastic state.
Particle size of lime concretion is 0.50~5.00 cm.

®-1 Clay 4.20~7.30 539 Brownish yellow in color, and in-hard plastic state.

® Sandstone 4.60~7.20 6.16 Purple in color, and strongly weathered.

®-1, Limestone 4.00~7.10 5.00 Grey in color, and slightly weathered.
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Fig. 2 Structural section of excavation support
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to predict the ground surface settlement profile at the
center section of an excavation. A clear understanding
of the pile behavior during nearby excavations can be
obtained from case studies with proper instrumenta-
tion. Finno et al. (1991) demonstrated that lateral soil
movements from excavation activities could be detri-
mental to nearby existing piles by field observations, in-
cluding lateral deformations of the sheet pile and
lateral and vertical deformations of the main columns.
Goh et al. (2003) carried out an actual full-scale instru-
mented study to examine the behavior of an existing
pile due to nearby excavation activities resulting from
the construction of a cut-and-cover tunnel. However,

Table 2 Parameters of anchor cables

no comparisons could be made between the pile and
wall behavior because of an inclinometer installed in
the diaphragm wall was damaged.

Meanwhile, the modern computer technology is capable
of processing staggering amount of data and simulating
practical geotechnical engineering problems. Professional
FEM and FDM simulation software products can consider
the pile-soil interaction, group effect, complex boundary
conditions and soil non-homogeneity (Zhang et al. 2011).
Poulos and Chen (1997) established design charts for esti-
mating pile bending moments and deflections based on
results from a two-stage analysis procedure. The finite-
element method was used first to simulate the excavation

Layer Horizontal Number of Orifice relative Drilling Length of free Length of anchoring Design value Pre-stressing
interval (m) steel strand elevation (m) angle (°) segment (m) section (m) (kN) value (kN)

1 1.20/2.40 6 -1.50 25 30 3 500 300

2 —4.75 25 22 750 450

3 -9.50 20 27 850 510

4 -14.00 15 19 800 480
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Table 3 Parameters of concrete bracings

Layer Relative Section size of bracing (mm x mm)
elevation (m) Corner bracing Connecting rod

1 =175 1000 x 900 800 x 900

2 —6.45 900 x 900

3 -11.65

4 -15.50

procedure and to generate free-field soil movements, that
is, the soil movements that would occur without the pres-
ence of the pile. These generated lateral soil movements
were then used as input into a boundary-element program
to analyze pile response. Gao et al. (2010) developed a 3D
model in FLAC-3D, which simulated the whole construc-
tion process of a deep excavation adjacent to a metro
tunnel in Shanghai. The simulated results showed the re-
inforced foundations and underground structures around
the deep excavation could effectively decrease nearby dis-
placements. Zhou et al. (2011) developed a three dimen-
sional numerical model through finite difference method
based on a real dewatering case during the construction of
Xujiahui metro station in Shanghai. The model was ap-
plied to calculate the dewatering-induced settlement
around the deep excavation. The results were proven ef-
fective according to the monitoring data afterward. In the
papers mentioned above, the numerical models were all
applied to evaluate one specific support system for each
case. However, the comparison of various support systems
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for the same case can also be realized through the numer-
ical models.

In this paper, numerical models were developed in
FLAC-3D to simulate the construction of a deep exca-
vation in Xuzhou. Models of different cases (different
support systems) were applied to calculate the deforma-
tions of piles and soils around the deep excavation, and
the results of these cases were compared. Accordingly,
this paper provided some guidelines for the similar
projects.

Study area

The construction site is located in the downtown of
Xuzhou, China. In geomorphology, the whole area
belongs to the alluvial plain created by Yellow River.
The original structures in this site were predominantly
multi-story buildings, and those within the area of
excavation have been demolished for the new project.
Its specific site is shown in Fig. 1. In this case, the exca-
vation area was about 26,000 m” and its circumference
was around 634 m. The proposed high-rise double-
tower building, which is a reinforced concrete tube
frame structure, is 259 m high. The west tower, which
is planned as residual area, has 67 stories above the
ground and three-level basement. The east tower, which
is planned as multi-functional area, has 60 stories and
four-level basement. Also, there is a 9-story annex which
is a frame-shear wall structure is planned for shopping

FLAC3D 3.00
Step 13224 Model Perspective
13:18:50 Thu Jan 14 2016
Center: Rotation:
X 150061002 X: 20.000
Y: 15001002 Y: 0000
2:-2000et001  Z: 30.000
Dist: 1.333+003  Mag: 125
Ang.: 22500

Block Group
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day
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ltasca Consulting Group, Inc.
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Fig. 3 Numerical model
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Table 4 Soil Parameters applied in numerical model
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Layer  Soil group Thickness (m)  Weight density (kN/m?)  Cohesion (kPa)  Friction angle (°)  Shear modulus (MPa)  Bulk modulus (MPa)
1 Miscellaneous fill - 2.30 17.50 7.00 10.00 448 12.50

2 Silty clay 2.70 17.90 22.00 11.00 3.98 9.72

3 Fill 5.00 17.80 24.00 11.60 4.55 mmn

4 Clay 10.00 19.30 75.00 11.80 13.64 33.33

5 Sandstone 20.00 24.00 140.00 30.00 1200.00 2000.00

and hotel area. Through geotechnical investigation, the
stratums of construction site are shown in Table 1.

There are two primary types of aquifers in the site.
This first one is an unconfined aquifer, which is primar-
ily the pore water in the third stratum. The water table
depth is commonly 0.60 to 2.3 m below the ground.
The second one is the confined aquifer. There is a weak
confined aquifer in the fifth stratum, which is consisted
of clay with large amount of lime concretions. Its water
head is around 12.0 to 12.5 m below the ground, and it
fluctuates between 0.5 m and 1.0 m annually. Another
confined aquifer is deposited in the limestone bedrock.
Its water head varies from 4.5 m to 7.8 m below the
ground, and it fluctuates between 1.0 m and 4.0 m
annually.

The original support system is chosen based on the
deep excavation itself and its surrounding environment.
Since the large-scale deep excavation studied in this
paper is located in a complex geo-environment and
high-density neighborhoods, the support system should
be able to reduce the adverse effects of deep excavation
to the minimum. The revolving digging cast-in-place
grouting piles and pre-stressed anchors were con-
structed as the main support structures. The diameters
of these piles are 1.0 m and the lengths of them vary
from 18 m to 24 m; and the piles were constructed at
1.2 m spacing. The section of top beam was 1.2 m long
and 0.9 m wide. Meanwhile, deep mixing method were

applied to create waterproof curtain, three-axis auger
was used to create columns. The diameter of each col-
umn is 0.85 m; and the columns were created at 1.2 m
spacing. In the northwest corner of excavation, four
layers reinforced concrete bracings were applied as
temporary support. The structural section of excavation
support is shown in Fig.2. Parameters of anchor cables
and concrete bracings are shown in Table 2 and Table 3.
The layout of monitoring points is shown in Fig.1.
DB03-1, DB16-1, DB20-1, DB26-2 were settlement
monitoring points, and the CX3, CX6 were piles lateral
displacement monitoring points.

Method

The deep excavation was simplified as a cuboid which
was 174 m long, 168 m wide, and 19.6 m deep, while the
dimension of the whole model was 300 m long, 300 m
wide, and 40 m deep. In this model, 310,000 elements
and 326,432 nodes were generated. The visualized model
of the deep excavation is shown in Fig.3.

In this 3D numerical model, mechanical behaviors of
the soil elements were simulated by Mohr-Coulomb
model; the excavation and the excavation support were
simulated through the Null Elements and Structural
Unit, respectively. According to the construction docu-
ment, the elastic modulus of pre-stressed anchor cables
is 195 GPa. For the retaining piles, top beam, and
concrete bracings, the concrete grade is 30, and their

Fig. 4 Layout of quincunx double-row piles
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elastic modulus, Poisson’s ratio and weight density are
30 GPa, 0.20 and 25 kN/m?, respectively. The model is
divided into five layers corresponding to the natural
stratums. The excavation does not reach the fifth layer.
According to the geotechnical investigation of the con-
struction site, the shear modulus (G) and bulk modulus
(K) are obtained from Poisson’s ratio (v) and Young’s
modulus (E) by conversion formula (1) and (2). The soil
parameter applied in model is shown in Table 4.

E
@3y .

E
K=-—"" (2)
3(1-2v)

There are six primary construction steps for the exca-
vation: (1) lowered the ground water table to -22.6 m
(22.6 m below the ground), and constructed retaining
piles, stud piles, and waterproof curtain; (2) excavate the
first layer of soil to -4.3 m, and constructed the top
beam, the first bracing and anchor cables; (3) excavate
the second layer of soil to —8.3 m, and constructed the
second bracing and anchor cables; (4) excavate the third
layer of soil to -12.3 m, and constructed the third
bracing and anchor cables; (5) excavate the fourth layer
of soil to -16.3 m, and constructed the fourth bracing
and anchor cables; (6) excavate to —16.3 m, which is the
bottom of the deep excavation.

Besides the original excavation support applied in the
construction site, a different support system that re-
placed the piles-anchor with quincunx double-row piles
is proposed and simulated in the model. The material
parameters are the same as the ones in original support
system. The layout of quincunx double-row piles is
shown in Fig.4. Three independent factors: pile diameter
(d), pile space (S), and row space (L) on supporting
effect were considered in models. And as shown in
Table 5, three levels were set for each factor.

Results and discussion

The lateral displacement of retaining piles and the settle-
ment around the excavation can be considered as
straightforward and effective indicators, which can

Table 5 Factor level charts

Levels (A) Pile Diameter (B) Pile Space (C) Row Space
(d)/mm (S)/mm (L)/mm

1 600 1200 1200

2 800 2400 1800

3 1000 3600 2400
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Fig. 5 Monitored settlement
J/

reflect the safety of excavation. They can also be used to
evaluate the adverse effect brought by excavation on the
surrounding environment. Therefore, these two indica-
tors were applied to study the performance of different
excavation support systems.

Pile-anchor support system

The settlement of each monitoring point (DB03-1,
DB16-1, DB20-1 and DB26-2) changed with the increase
of excavation depth (shown in Fig.5). It can be seen that
the maximum settlement around the excavation were
33.80 mm, 25.60 mm, 25.90 mm and 25.90 mm, respect-
ively, which were all less than the alarming settlement
35 mm. It indicated that the deep excavation was safe dur-
ing the whole construction. In Fig. 5, it can be seen that
the settlement of DB03—1 was distinctly larger than the
other spots. It is because that the stress of soil and retain-
ing structures was disturbed by the construction of muni-
cipal engineering nearby the settlement monitoring point

lateral displacement of retaining piles (mm)
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Fig. 6 Monitored lateral displacement of retaining piles of CX3
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Fig. 7 Monitored lateral displacement of retaining piles of CX6

DB03-1 at the second step, which increase the settlement
of DB03-1.

The changes of lateral displacement of retaining piles
that monitored by CX3 and CX6 during excavation are
shown in Fig.6 and Fig.7. It can be seen that the max-
imum lateral displacements of retaining piles are
36.00 mm and 36.20 mm respectively, which are both
less than the alarm value of 50.00 mm. In the initial
stage of excavation, the lateral displacement of retaining
piles is small. The lateral displacement in the upper and
middle section of retaining piles increase with excava-
tion, while the lateral displacement in the upper section
is restricted after the installment of anchors cables. The
excavation lasted for a long time because of various rea-
sons, such as rainfall, residue soil embargo and the se-
curity check. Therefore, the lateral displacement of
retaining piles increased significantly with the increase
of exposure time, which is known as time-space effect.

Dewatering has been completed before excavation.
Therefore, in this paper, the settlement caused by dewa-
tering was inverted. Simulated settlement of each settle-
ment monitoring point at completion time for the first
step and the percentage of simulated total settlement is
shown in Table 6.

It can be seen in Table 6 that the settlement caused by
dewatering before excavation are 2.74 mm, 2.74 mm,
2.74 mm and 1.90 mm respectively, and the percentage
of total settlement are 15.56%, 15.62%, 17.03% and
10.88% respectively. The settlement at the first step was

Table 6 Simulated settlement at the first step and the
percentage of simulated total settlement

Monitoring point DBO03-1 DB16-1 DB20-1 DB26-2
Settlement (mm) 274 274 274 1.90
Percentage of Simulated 15.56 15.62 17.03 10.88

Total Settlement (%)

distance (m)

Al
E
]
o
£
8
3

—s— DB03-1

—e— DBI6-1

18 —&— DB20-1

—v— DB26-2

20 -

Fig. 8 The simulated settlement around the excavation with the
increase of distance

caused by consolidation, and the influence of dewatering
cannot be ignored.

Simulated settlement around the excavation versus dis-
tance of monitoring points DB03-1, DB16-1, DB20-1
and DB26-2 is shown in Fig.8. It can be seen that there is
a great settlement nearby the excavation because of the
construction of retaining piles and waterproof curtain.
With the increase of distance, the simulated settlement
decreases: when the distance is greater than 6 m, the sim-
ulated settlement decreases rapidly due to the support of
retaining piles; when the distance is greater than 26 m, the
simulated settlement decreases slowly; when the distance
increases to 38 m, the simulated settlements are all less
than 1.00 mm. The Xuzhou department store located in
the northwest of excavation is 12.10 m far away from ex-
cavation edge. In that site, the simulated settlement is
10.34 mm, and it continues to decrease with the increase
of distance. The normal use of Xuzhou department store
is not affected by excavation.

monitoring points

DBO3-1 DB16-1 DB20-1 DB26-2
10 T T T T

161 o-—-o/o\o
18 4

24

settlement (mm)

26
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32 4 —&— monitored values
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Fig. 9 Monitored and simulated settlements
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Monitored and simulated settlement of each settle-
ment monitoring point at completion time for sixth step
is shown in Fig.9. It can be seen in Fig.9 that the moni-
tored settlement is greater than simulated settlement in
each settlement monitoring point, while the monitored
values and the simulated values are in the same order of
magnitude. Due to the construction of municipal engin-
eering in the south of excavation was not considered in
numerical simulation, deviation of monitored and simu-
lated settlement of monitoring point DB03-1 is greater
than others.

The shape of the excavation and the arrangement of
retaining structures are approximately symmetrical, hence
the lateral displacement of retaining piles in x direction
and y direction are approximately equal, and the latter is
analyzed as an example. The monitored and simulated lat-
eral displacements of retaining piles of monitoring point
CX6 are shown in Fig.10, and it can be seen that those are
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close and the deformation trend is basically identical. The
deviation of monitored and simulated lateral displacement
of retaining piles is caused by the simplification of deep
excavation. The third stratum, which has large thickness,
is consisted by soils with poor engineering properties. The
lateral displacement of retaining piles increase significantly
during excavation at this depth, and the deformation along
the depth demonstrate as an arch.

Quincunx double-row piles support system

The simulated settlement of point DB20-1 and simu-
lated the maximum lateral displacements of point CX6
are selected as evaluation indexes. Based on the levels
in the orthogonal table, nine groups of simulation
tests were carried out. The test results and the analysis
are shown in Table 7, Table 8 and Fig.11. In Table 8, K;
represents the summation of the corresponding test

P
lateral displacement of retaining piles (mm)

20 25 30 35 40 45 50

lateral displacement of retaining piles (mm)

0 5 10 15 20 25 30 35 40 45 50

depth (m)

0 5 015
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2
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14

16
18

I —=— monitored values
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2

the second step

lateral displacement of retaining piles (mm)
30 35 40 45 50

0 T T T T T T T T T 1

depth (m)
g

—=&— monitored values
—o— simulated values

the fourth step

lateral displacement of retaining piles (mm)
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depth (m)
<1
)
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Fig. 10 Monitored and simulated lateral displacements of point CX6
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Table 7 Results of test
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Test number A B Blank column @ Settlement/mm The maximum lateral displacement of piles/mm
1 1 1 1 1 11.53 27.08
2 1 2 2 2 13.62 29.35
3 1 3 3 3 1492 3068
4 2 1 2 3 12.32 27.69
5 2 2 3 1 14.54 30.15
6 2 3 1 2 15.30 31.05
7 3 1 3 2 14.04 29.32
8 3 1 3 15.27 30.71
9 3 3 2 1 16.21 31.88

results of level i on any column; k; represents the
arithmetic average of test results of level i on any col-
umn; R represents the range, and R = max {Ky, K>, K3}
-min {K;, Ky, K3} or R=max {kq, ky, k3} — min {ky, ko,
ks} (Xu et al. 2002).

In Table 8, it can be seen that for the both index, it
has Rg>Ra>Rc, which indicates that the factor B has
greater influence on test results than A, and A is
greater than C. The factors can be ranged as follows:
pile space, pile diameter, row space. The optimal solu-
tions for two evaluation indexes are determined by the
minimum K; for each factor, and they are B;A;C; and
B;1A;C; respectively. When the row space corresponds
to 2400 mm, a small lateral displacement of retaining
piles is obtained, and it is beneficial to the security
of excavation. Hence, B;A;Cs; is selected as the

Table 8 Analysis of test results

optimum solution, and the pile diameter, pile space,
row space correspond to 600 mm, 1200 mm, 2400 mm
respectively.

In Fig.11, it can be seen that with the increase of row
space from 1200 mm to 2400 mm, the settlement and the
maximum lateral displacement of retaining piles slowly in-
crease at first then decrease slightly, and the variation is
very small. It is indicated that the row space of quincunx
double-row piles has a little influence on the settlement
around the excavation and the lateral displacement of
retaining piles than pile diameter and pile space. With the
increase of pile space from 1200 mm to 3600 mm, the
settlement and the maximum lateral displacement of
retaining piles increase, and the change of pile space has a
very obvious influence on the lateral displacement of
retaining piles.

Evaluation index A B @

Settlement/mm K; 40.07 37.89 42.10 42.28
K> 4216 4343 4215 4296
K3 45.52 4643 43.50 4251
k; 13.36 12.63 14.03 14.09
k> 14.05 1448 14.05 14.32
ks 1517 1548 14.50 1417
R 545 8.54 140 0.68
Influence Degree BAC
Optimal Solution B.AC,

The Maximum Lateral Displacement of Retaining Piles/mm K; 87.11 84.09 88.84 89.11
K> 88.89 90.21 88.92 89.72
K3 91.91 93.61 90.15 89.08
k; 29.04 28.03 29.61 29.70
ko 2963 3007 29.64 2991
k3 30.64 31.20 30.05 29.69
R 4.80 9.52 1.31 0.64
Influence Degree BAC
Optimal Solution B,A;C5
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The comparisons of pile-anchor support system with
optimum solution are shown in Fig.12 and Fig.13. It can be
seen from Fig.12 and Fig.13 that the simulated settlement
around the excavation and the lateral displacement of
retaining piles of the pile-anchor support system and
optimum solution are close, and the trends of deform-
ation are identical. The simulated settlement around
the excavation and the lateral displacement of retain-
ing piles of optimum solution are both smaller than
pile-anchor support system. The simulated settlement
around the excavation in optimum solution is about
0.70~0.72 times the settlement in pile-anchor support
system; the lateral displacement of retaining piles in
the upper and middle section of the pile in optimum
solution is about 0.83~0.90 times the displacement in
pile-anchor support system. There is little difference
in the bottom section of the pile. It is indicated that the

-
monitoring points

DBO03-1 DBI6-1 DB20-1 DB26-2
T T T T

124 o—/o\o
18 .———/\l

settlement (mm)
>
1

24
26
28
30~

—=&— pile-anchor support system
—O0— optimum solution

Fig. 12 Simulated settlement of two support Systems

quincunx double-row piles support system with reason-
able parameters can effectively restrict the settlement
around the excavation and the lateral displacement of
retaining piles, therefore, can optimize the supporting
effect.

Conclusions

The simulated settlement around the excavation caused
by dewatering is great, as well as the percentage of simu-
lated total settlement. Hence the influence of dewatering
cannot be ignored.

Through the analysis of monitored lateral displace-
ment of retaining piles and numerical simulation results,
it is cleared that the lateral displacement of retaining
piles is prone to be large at a depth, where the stratum
has large thickness and is consisted by soils with poor
engineering properties during excavation.

lateral displacement of retaining piles (mm)
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In quincunx double-row piles support system, pile space
is the primary factor affecting the settlement around the
excavation and the lateral displacement of retaining piles,
especially for the latter. Row space has little effect on the
settlement around the excavation and lateral displacement
of retaining piles.

For the construction of deep excavation in similar geo-
environments, the quincunx double-row piles support
system with reasonable parameters can effectively restrict
the settlement around the excavation and the lateral
displacement of retaining piles, therefore, can optimize
the supporting effect.
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