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Abstract. In coastal regions of China, extensive areas are characterized by
deep and thick silty clay deposits, necessitating excavation and support during
engineering construction. This study gathers excavation examples from existing
literature and aims to summarize and analyze the deformation characteristics of
support structures and the soil behind these structures (supporting walls) result-
ing from excavation. The findings demonstrate a general trend of increasing
maximum lateral displacement of the supporting wall with greater excavation
depth. The ratio of maximum lateral displacement to excavation depth falls
within the range of 0.18% to 0.64%, while the insertion ratio spans from 0.78 to
1.23. The ratio of maximum ground settlement behind the wall to excavation
depth varies between 0.28% and 0.82%. Additionally, the ratio of maximum
ground settlement behind the wall to the maximum lateral displacement of the
wall ranges from 0.93 to 1.81. The statistical analysis results presented here of-
fer valuable references for the design and construction of excavations in regions
characterized by deep and thick silty clay deposits. Moreover, the statistical re-
sults can serve as qualitative verification for finite element analysis in specific
cases.
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1 INTRODUCTION

There are extensive areas with deep and thick silty clay in coastal regions of China [
231 posing frequent challenges related to excavation and support in engineering con-
struction ), The deformation characteristics exhibited during the excavation process
of foundation pits are always assessed through finite element numerical analysis [©],
The finite element numerical analysis method can reflect the influence of various key
factors on the excavation of foundation pits. Additionally, it can dynamically simulate
the excavation process, allowing for a more in-depth analysis of the mechanisms and
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characteristics of pit deformation ). However, on one hand, due to the complexity of
practical engineering, finite element numerical analysis is still unable to fully consider
all the various factors encountered in actual projects 1. On the other hand, the exist-
ing constitutive models have limitations in representing various soil mechanical prop-
erties, resulting in insufficient accuracy in finite element results P!. For example,
compared to the deformation of retaining structures, there are accuracy deficiencies in
the finite element method regarding the deformation characteristics of the ground
behind the wall 9. Alternatively, statistical analysis of engineering field measure-
ments can also be helpful as an empirical reference [ 21, This study collects reported
excavation examples of foundation pits in sites with deep and thick silty clay layers
from literature, summarizes and analyses the deformation characteristics caused by
excavation. Then, statistical methods are adopted to analyse the deformation charac-
teristics exhibited during the excavation of foundation pits in such sites. The defor-
mation patterns revealed through statistical analysis of engineering examples can not
only help gain more understanding of foundation pits in such type of sites, but also
serve as references for engineers in the design and construction of similar foundation
pits in sites with deep and thick silty clay layers. The summarized empirical patterns
also provide a useful estimation for the finite element numerical analysis, to verify its
practicality and reliability in terms of deformation prediction.

2 DATA SOURCES

To better understand the excavation-induced deformations obtained in field measure-
ments, the following explanations are provided for frequently used deformation pa-
rameters of the excavation pit, as shown in Figure 1.
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Fig. 1. Schematic diagram of various deformations related to foundation pit excavation.
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As shown in Figure 1, Be is the excavation width, He is the excavation depth, Hy, is
the depth of the supporting wall, 6nm is the maximum lateral movement of the wall,
dvm 1s the maximum settlement of the ground surface behind the wall, dyy, is the max-
imum settlement position of the ground surface behind the wall, and R is the defor-
mation ratio, which is defined as dym/Onm.

To analyze the deformation characteristics of deep silty soil excavation sites, 13
projects were collected from the coast area of China, including Shanghai, Ningbo and
Guangzhou city, as shown in Table 1. In Shanghai and Ningbo region, the soft soil
layers mainly refer to silty clay and muddy clay, which usually has a thickness greater
than 10 meters and 25 meters, respectively. In Guangzhou area, the soft soil is mainly
marine clay and muddy clay, which is about 10-meter-thick. All cases employed un-
derground continuous wall support as the retaining structure.

Table 1. Deformation data of foundation pit in deep silt field.

Number Project Name  He/m Hw/m h/m Sw/mm  Svm/mm R
R1 Line South
1 Shaanxi Road 14.2 30 — 64.5 76.7 1.19
Station [3]
2 RILine Sangjikan 55 353 5 46.5 0.93
Station [3
Line M8 Huang-
3 xing Road Station 147 265 3.50 39.2 70 1.79

[13]

Line 2 Henanzhong

4 oGt ONe 152 304 253 978 10l 103
R1 Line People's
5 Squure Station 091 135 244 — 725110182
6 YanchangRoad =15, 57 330 626 743 119
Station
7 DrumtowerStation = »3¢ 45 244 1060 1238 117
8 DongmenStation 5> 4 40 247 607 1214 174
9 Jiangxia Qiaodong g o 35 567 419 63.7 1.55
Station [14]
Fu Ming Road
10 Station (Phase II) 163 363 244 646 893 138
[14]
1 Ximenkou Station ¢} 335 248 287 450 157
12 ZeominStation 159 305 246 570 1033 181
13 Cisha Station 132 273 2 2634 3677 140

Note: h is the average vertical spacing of the supports.
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3 DEFORMATION OF SUPPORTING STRUCTURE

The deformation of retaining structures includes horizontal deformation (lateral dis-
placement) and vertical deformation (settlement). The analysis of vertical deformation
primarily concentrates on the vertical displacement of the top of the wall. In the exca-
vation process of foundation pits, the uplift of the soil inside the pit induces a certain
degree of upward movement of the wall. Additionally, factors such as the weight of
supports or floor slabs, as well as the removal of sediment at the bottom of the wall,
also influence the vertical displacement to some extent. Therefore, the wall may expe-
rience upward or downward movement.

Hereby focus are mainly on the analysis of the horizontal deformation of a com-
mon retaining structure in subway foundation pits, namely, underground diaphragm
walls. Horizontal deformation encompasses three key aspects: the mode of horizontal
deformation, the magnitude of maximum horizontal displacement, and its correspond-
ing location. The horizontal deformation of the wall is influenced by various factors
in civil engineering, including the unbalanced soil pressure caused by excavation, the
overall stiffness of the support system, excavation stability, and site soil conditions.
The unbalanced soil pressure is further affected by factors such as excavation depth,
excavation width, stability safety factor, stiffness of retaining structures, stiffness of
support, spacing between supports, and pre-stress of the support. Statistical analysis
of field monitoring data can be adopted to comprehensively reflect the influence of
these factors on the maximum lateral displacement of the wall, as a result, the empiri-
cal relationship between excavation depth, support system stiffness, the resistance to
bottom heave and the maximum lateral displacement of the wall can be drawn for
engineering practice. Depending on soil conditions, types of retaining structures, sup-
port forms, and construction techniques, the magnitude of the horizontal displacement
of a diaphragm wall directly affects the displacement of the surrounding soil mass,
which furtherly impacts the safety of structures, pipelines, and facilities outside the
excavation area.

The location of the maximum lateral displacement of the wall is primarily influ-
enced by geological conditions, particularly the soil stratification. For instance, engi-
neering experience in Shanghai indicates that the maximum horizontal displacement
generally occurs at a certain level above the bottom of the excavation. This is because
the most significant displacement occurs when excavating to the soft muddy clay soil
which is with depth around 16 meters. As the excavation depth increases, the soil at
the bottom is transitioning to a stiff clay layer, meanwhile, the maximum horizontal
displacement does not shift downward accordingly, it would remain at the upper level
of the muddy clay layer, rather than occurring at the excavation surface.
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Fig. 2. Statistical relation of maximum lateral displacement of wall: (a) Statistical distribution
of the maximum lateral displacement of the wall (b) The relationship between the maximum
lateral displacement of the wall and the excavation depth.

Figure 2(a) shows the statistical distribution of the maximum lateral displacement
of the diaphragm wall according to cases in Table 1. It can be observed that nearly
70% of the maximum lateral displacement of the excavation walls falls between 30
and 90 mm for excavations in sites with deep and thick soft clay layers. Among these,
excavations with lateral displacements ranging from 30 to 60 mm account for 30.8%
of the total, while excavations with displacements ranging from 60 to 90 mm account
for 38.4%. Excavations with maximum lateral displacements between 0-30 mm and
90-120 mm both account for only 15.4%.

Additionally, Figure 2(b) illustrates the relationship between the maximum lateral
displacement of diaphragm wall and the excavation depth. It is apparent that the max-
imum lateral displacement tends to increase with the excavation depth. The maximum
lateral displacement falls in the range between 0.18% to 0.64% of the excavation
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depth, with an average value of 0.38%He.. This result was further compared to other
wall deformation database in typical soft soil and hard soil regions in China, as sum-
marized in Table 2. The comparison suggests that the statistical results of this paper
are closer to the results in the similar soft soil areas ['> '8 1] but much larger than
those in stiff soils %21, which indicates that stratum conditions are key factor affect-
ing wall deformation.

Table 2. Deformation data of foundation pit in deep silt field.

Area Database Description Gzzi(i);ilii)ge- Main findings
93 cases with diaphragm Shmax/He (%) ranges from
walls, 52 concrete- 0.1 to 1.0, with a mean
supported, 40 .steel—. Silty clay and value _of about 0.4'12;
supported, 1 lattice dia- muddy clay: Ohmax increases with
Shanghai phragm wall; 1ady clay, excavation depth, occurs
15] . Burial depth 4-
(2008) Top-down method; ] roughly near the excava-
Excavation depth 10-20 2 0 meters; tion surface (Sm above
meters (up to 30.4 meter); Thickness 10-20 or below);
Insertion ratio between 0.45 Meters. Snmax and its location are
and 1.52, with an average almost independent of
of 0.88. support type.
Shmax/He (%) ranges from
0.065 to 1, with an aver-
46 building foundation pits b I\r/i[;dgg (t:}lla(})/—z age value of 0.5;

. using top-down method; 4 bt Located near the excava-
Shanghai, Supported by grouted piles meters, thick- tion surface;
Hangzh()]lz and diaphragm walls; ness 3-6 metets; Ohmax gradually transits

(2007) (161 . Silty clay with
Excavation depth up to 30 thickness of 8- from below the excava-
m. 10 meters tion surface to above the
’ surface as excavation
depth increases.
Shmax/He (%) is between
0.2 and 0.5;
A large value for site
Taipei Supported by diaphragm o contains a weak soil
(1993) [17] wall layer, a lower value for
sandy soil, and a middle
value for a mixed stra-
tum.
Silty clay and Shmax/He (%)
30 cases, supported by muddy clay; He<15m: 0.11~0.49,
. diaphragm walls, including . .
Shanghai metro pits and building pits; Do depth 4- with an average of
(2008) 1 Exca\gtion de ;lhs rarig Ii)n , 20 meters; 0.26;
p S8 Thickness 1020 He>15m: 0.21~0.74,
from 8.7 to 30.4 meters. .
meters. with an average of 0.49.
14 metro pits, 13 dia- Shmax/He (%) ranges from
Ninebo phragm walls, 1 SMW Soft soil with 0.18t0 0.93, with a
(20g1 N method; thickness more mean value of 0.43;
Initial concrete support and  than 25 meters. The ratio of Snmax depth

steel support;

to excavation depth
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Excavation depths of 16.5 ranges from 0.8 to 1.25,
meters; with a mean value of
An average insertion ratio 0.95.
0f 0.98.

37 cases with open excava-
tion, 10 soil nail walls
Beijing (excavation depths 9.6- Hard silt and
(2012) [201 22.38 meters), 27 grouted sand layers.
piles (excavation depths
14.42-29 meters).
Metro pits with open exca-

Shmax/Hc (%) ranges from
0.04 t0 0.218, with a
mean value of 0.103.

Dalian vation, with cantilevered Shmax/He (%) ranges from
(2012) 21 support and inner support; — 0.11 t0 0.27, with a
Excavation depth ranges mean value of 0.159.
from 8.31 to 20.66 meters.
Metro pits w1.th ?pen exca- Soft soil with Shman/He (%) ranged
. vation; thicknesses .
This study . from 0.18 to 0.64, with a
Excavation depth ranges beyond 10 me-
mean value of 0.38.
from 13.5 to 23.8 meters. ters.

In addition, statistical results suggest that, as the depth increases, the maximum lat-
eral displacement shifts from below the bottom of pit to above the excavation surface.
This is mainly due to the shallow burial depth of soft soil in the coastal regions. In
shallow excavations, the bottom of the pit is located within the silt layer, while it
reaches a better-quality soil layer in deep excavations. This again indicates that the
burial depth of soft soil has a significant influence on the maximum lateral displace-
ment of retaining structures. Furthermore, the statistical results also show that the
maximum lateral displacements in several cases exceed the control values in current
standards, which is roughly 60-90 mm. However, the actual excavations remain in a
safe and stable state, suggesting that the current standard are conservative to some
extent. With the development of construction technique, more comprehensive control
standards for excavation deformations are expected to be optimized based on an in-
creasing database of field monitoring.

4 DEFORMATION OF GROUND SURFACE BEHIND
THE WALL

Soil deformation behind diaphragm walls includes horizontal displacement and verti-
cal displacement (settlement) of the ground surface and along the depth. Currently,
the vertical displacement of the ground surface, namely, ground settlement, including
settlement patterns, maximum settlement, and its locations are always monitored in
practice. On the other hand, the horizontal displacement at the ground surface and the
deformation of the deep soil are not the primary concern.

The maximum settlement of ground surface behind the diaphragm wall is a crucial
indicator which can be used in the assessment of the safety of surrounding structures,
pipelines, and other infrastructure. The maximum surface settlement outside the exca-
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vation pit is also closely related to factors such as soil conditions, types of retaining
structures, and support forms. It can be seen that factors influencing the lateral dis-
placement of the wall also affect the deformation of the surrounding soil. Additional-
ly, previous experience suggests that there may exist relationships among the maxi-
mum settlement, the depth of excavation, and the maximum horizontal displacement
of the retaining structure. For example, the distance of the maximum settlement point
against the wall is approximately proportional to the final excavation depth. For a
triangular settlement pattern, the maximum ground settlement occurs at the edge of
the wall. For a groove-shaped settlement pattern, the horizontal distance from the
maximum ground settlement point to the wall is generally about 0.4 to 0.7 times the
final excavation depth.
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Fig. 3. Statistical relationship of maximum surface settlement: (a) Statistical distribution of
maximum surface settlement (b) Relationship between maximum surface settlement and depth
of excavation.

According to cases in Table 1, it can be observed that 77% of the maximum sur-
face settlement values behind the wall ranges from 60 to 120 mm for excavation in
soft soil sites (Figure 3a). Specifically, 38.5% of the maximum settlement is between
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60 and 90 mm, while another 38.5% have a maximum settlement between 90 and 120
mm. Only 23.0% of the foundation pits have a maximum settlement between 30 and
60 mm, but there is no case with maximum surface settlement below 30 mm. Figure
3(b) further illustrates that the maximum surface settlement behind the wall increases
gradually with the excavation depth, and it falls in the range of 0.28% to 0.82% of the

excavation depth, with an average value of 0.52% He.

Similarly, the statistical result of this study was compared to the cases data in typi-
cal soft soil and hard soil regions in the literature, as summarized in Table 3.

Table 3. Summary of measured surface settlement statistics behind the wall in different areas.

Geologic descrip-

Area Database Description tion Main findings
Svmax/He (%) ranges from 0.1 to
0.8, with an average of 0.38;
Svmax increases with excavation
depth and soft soil thickness,
other factors have no significant
35 cases with top- impact.
down method;26 . R ranges from 0.4 to 2.0, with
. Silty clay and .
Shanchai supported by dia- muddy clav: an average of 0.84;
g y clay;
phragm walls, 7 by . For groove-shaped settlement,

(2011) . Burial depth 0- .

113] grouted piles, and 2 10.08 meters: the ratio of surface settlement
by SMW method; Th.ickness 3 é_ near the wall to excavation
Excavation depth 163 meters. depth is between 0% and 0.5%,
ranges from 7 to 34 ’ ' the ratio of maximum surface
meters. settlement behind the wall to

excavation depth is between 0.3
and 1.0;
Settlement gradually disappears
within the range of 1.0-4.0
times excavation depth.
93 cases with dia-
phragm walls, 52
concrete-supported, He<15m: dvmax/He (%) ranges
40 steel-supported, 1 from 0.18 to 0.48, with an aver-
lattice diaphragm Silty clay and age value of 0.26;R ranged

Shanghai wall; muddy clay; from 0.43 to 1.79, with an aver-

(2008) Top-down method; Burial depth 4-20  age value of 0.92;

18] Excavation depth 10-  meters; He>15m: Svmax/He(%) ranges
20 meters (up to 30.4  Thickness 10-20 from 0.24 to 0.88, with an aver-
meter); meters. age value of 0.48; R ranged
Insertion ratio be- from 0.71 to 1.69, with an aver-
tween 0.45 and 1.52, age value of 1.17.
with an average of
0.88.

14 metro pits, 13
Ningbo diaphragm walls, 1 Soft soil with Svmax/He (%) ranges from 0.15
(2011) SMW method; thickness more to 1.2, with an average value of

[19]

Initial concrete sup-
port and steel support;

than 25 meters.

0.69.
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Excavation depths of
16.5 meters;

An average insertion
ratio of 0.98.

30 cases, top-down
open excavation,

supported by grouted Svmax/He (%) ranges from 0.034
piles, steel supports, to 0.316, with an average value
soil nails, and pre- of 0.1;
stressed anchor ca- Quaternary allu- 75% of the surface settlement
Beijing bl.es; . vial deposi.ts, silty  between 0 to 20 mm, 1.93%
2012) Pit width around 20 sand, clay inter- over 30 mm, 11.62% heave,
2] meters, excavation bedded with sand  decrease with excavation depth;
depth mainly between  and gravel; Groove-shape settlement, max-
15 to 20 meters, up to  Hard soil area. imum surface settlement point
25 meters; is 10 to 15 meters away from
Insertion ratio ranges the wall, almost no deformation
from 0.3 to 0.44, with 30 meters away from the wall.
an average value of
0.36.
Metro pits with open
excavation, with
Dalian cantilevered support Svmax/He (%) ranges from 0.09
(2012) and inner support; — to 0.25, with an average value
[21] Excavation depth of 0.154.
ranges from 8.31 to
20.66 meters.
Metro pits with open
This excavati_on; Sqft soil with Svmax/He (%) ranges from 0.28
study Excavation depth thicknesses be- to 0.82, with an average value
ranges from 13.5 to yond 10 meters. of 0.52.
23.8 meters.

Based on the above comparison, it is found that the maximum ground settlement
behind the wall in this study are similar to those reported in similar soft soil areas '
18,191 "but significantly higher than those in commonly-seen hard soil areas 2221, This
finding echoes with that of maximum lateral movement, again indicating the im-
portant role of stratum conditions.

Furthermore, a close correlation between the maximum ground surface settlement
behind the wall and the maximum lateral displacement of the wall can be drawn, as
confirmed by numerous field measurements. This statistical relationship provides an
approximate estimation for the settlement behind the wall, as illustrated in Figure 4.



220 Q. Cao et al.

10 — T T T T 1 1
L P |
N o
0.8 NSO
o o oo -
S 0.6 g o
gg .4‘ 0] ) %{6\//' |
7 I 0 ]
02} ]
000 02 04 06 08

5, /H. (%)

Fig. 4. Relationship between normalized maximum surface settlement and maximum lateral
movement of the wall.

It is shown in Figure 4 that for excavation in deep and thick silty soil sites, the ratio
of the maximum normalized settlement to the normalized maximum lateral wall dis-
placement ranges from 0.93 to 1.81, with an average value of 1.41. Similar empirical
relationship has also been reported based on data of foreign projects from San Fran-
cisco, Oslo, Chicago, and Taipei, where the maximum surface settlement is approxi-
mately 0.5 to 0.75 times the maximum lateral wall displacement 71, It is recommend-
ed that the lower limit value is for excavations in sandy soil, the upper limit value is
for clayey soil, and an intermediate value is for mixture of sand and clay. Specifically
for weak soils, the maximum surface settlement can reach up to the same level as the
maximum lateral wall displacement, which is close to the lower limit in this study.
Moreover, another statistical result collected worldwide show a similar range of this
ratio (0.5 to 2.0) as the current results 2> 241 Overall, these mutual verifications pro-
vide additional confidence for the application of the proposed statistical relationship
in this study.

5 CONCLUSIONS

13 cases of subway excavation projects in coastal areas of China with deep layers of
soft clay have been collected and presented in this study, where underground dia-
phragm walls were used as (part of) supporting system. The lateral displacement of
the wall and the ground surface settlement behind the wall were statistically analysed,
and the general deformation patterns induced by excavation in sites with thick soft
soil layer are summarized.

It is indicated that the maximum lateral displacement and surface settlement gener-
ally increases with the excavation depth. Some useful empirical relationships have
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also been revealed statistically, which can be used for the preliminary estimation for
future projects in the similar site condition. The ratio of the maximum lateral dis-
placement to the excavation depth ranges from 0.18% to 0.64%, with an average val-
ue of 0.38%. The ratio of the maximum ground surface settlement to the excavation
depth varies between 0.28% and 0.82%, with an average value of 0.52%. The ratio of
the maximum ground surface settlement to the maximum lateral displacement of the
wall ranges from 0.93 to 1.81, with an average value of 1.41.

This study provides a statistical database for the future excavation project in south-
ern China, which would be useful for the deformation prediction before any sophisti-
cated modelling being carried out. The results presented in this study could be further-
ly refined with more monitoring data available.
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