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Abstract

In densely built-up Singapore, relatively sti secant-bored piles and diaphragm walls are commonly used in cut-and-cover works to
minimize the impact of ground movement on the adjacent structures and utilities. For excavations in sti  residual soil deposits, the asso-
ciated wall de ections and ground settlements are generally smaller than for excavations in soft soil deposits. However, if the residual soil
permeability is high and the underlying rock is highly ssured or fractured, substantial groundwater drawdown and associated seepage-
induced settlement may occur. In this study, the excavation performance of four sites in residual soil deposits with maximum excavation
depths between 20 and 24 m is presented. The maximum wall de ections were found to be relatively small compared to the signi cantly
larger maximum ground settlements, owing to the extensive lowering of the groundwater table. In this paper, details of the subsurface
conditions, excavation support system, eld instrumentation, and observed excavation responses are presented, with particular focus on
the large groundwater drawdown and associated ground settlement. Speci ¢ issues encountered during the excavation, as well as the
e ectiveness of various groundwater control measures, are discussed. The case studies will provide useful references and insights for
future projects involving braced excavations in residual soil.

2018 Tongji University and Tongji University Press. Production and hosting by Elsevier B.V. on behalf of Owner. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Residual soil; Braced excavation; Wall de ection; Ground settlements; Groundwater drawdown; Strut force

Introduction

In a dense, built-up environment, damage to buildings
and utilities may occur because of excessive ground move-
ment arising from excavation activities nearby. Conse-
quently, in Singapore, for deep excavation projects, sti
diaphragm walls and bored pile walls with multiple strut
levels are commonly used to minimize lateral wall move-
ment and ground settlement, even in fairly sti residual
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Chongging, China.

E-mail address: cheungwg@126.com (W.G. Zhang).

https://doi.org/10.1016/j.undsp.2018.03.002
2467-9674/

soil deposits. However, if the residual soil permeability
is high and the underlying rock is highly ssured or frac-
tured, substantial groundwater drawdown and associated
seepage-induced settlement may occur, as reported by
Wen and Lin (2002) and Goh, Lim, Chen, and Wen
(2014) for various deep excavation projects in Singapore.
In this study, the excavation performance of four sites in
residual soil deposits with maximum excavation depths
between 20 and 24 m is presented. The maximum wall
de ections were found to be relatively small, signi cantly
larger than the maximum ground settlements. A possible
reason for the large ground settlements is the lowering
of the groundwater table at these sites (Goh et al.,,
2014; Wen & Lin, 2002).

2018 Tongji University and Tongji University Press. Production and hosting by Elsevier B.V. on behalf of Owner.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 2. Plan layout of four stations.

Figure 1 illustrates the locations of the four cut-and-
cover excavations for the construction of mass rapid transit
stations, which form part of the Downtown Line 2 (DTL2)
project that was recently completed. The stations are:
Cashew (CSH), Hillview (HLV), Bukit Panjang (BKP),
and Beauty World (BTW). In this paper, details of the sub-
surface conditions, excavation support system, eld instru-
mentations, and observed excavation responses are

presented, with focus on the large groundwater drawdown
and associated ground settlements. The measured wall
de ections, ground surface settlement values, settlement
pro les, as well as strut forces, are also compared with
empirical methods/charts from the literature. Speci ¢
issues encountered during excavation are presented, and
the e ectiveness of various groundwater control measures
is discussed.
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Fig. 3. CSH station subsurface conditions.

General project description
Site layout

Figure 2 provides an overview of the site layout of the
four stations, and it is obvious that the four sites were all
located in densely built-up urban environments. Therefore,
the control of ground deformation is important for mini-
mizing the impact on adjacent structures.

Subsurface conditions

The ground conditions comprise Il, Kallang formation
( uvial F1 and F2), Bukit Timah granite (BTG) residual

soil (denoted by G-VI), completely weathered materials
(G-V), highly weathered materials (G-1V), and moderately
weathered (G-I11), slightly weathered (G-I1), and fresh (G-1)
Bukit Timah granite rock. For the detailed properties of
these geological units, the reader is referred to Sharma,
Chu, and Zhao (1999). For the sake of brevity, this section
only presents the geological soil pro les and cross-sectional
views, as well as the Standard Penetration Test (SPT-N)
variation with depth for the CSH station. Figure 3a illus-
trates a typical cross-sectional view and the soil pro le
based on nearby boreholes, which highlights the heteroge-
neous nature of the ground conditions commonly observed
in the granitic residual soils of Singapore. This gure pre-
sents the typical geological units, generalized site stratigra-
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Fig. 4. Soil pro les along DTL2 alignment for the four case studies (adapted from Goh et al., 2014).

Table 1

Summary of excavation geometries and ground conditions for four stations.

Station Max. excav. Max. excav. Max. excav. Thickness of [l/Kallang Thickness of GVI (m)  Rockhead/

depth (m) length (m) width (m) formation (m) (average) (average) mRL

Cashew 20 225 60 45 11 (4.8) 319 (11.7) 87.2 97

Hillview 24 190 48 0 9 (5.6) 325 (13.7) 87.1 105

Bukit 22 165 60 59 (7.4) 2.6 11 (7.1) 83.5 98.2

Panjang
Beauty 20 225 50 5.7 9 (7.4) 2.9 85 (5.0) 87.5 107.9
World

Table 2

Summary of retaining systems adopted for four stations.

Station Wall system Levels Types of struts and preloading

Cashew Diaphragm wall (thickness: 1 m, length: 25 m) 4 Strut HY 700, double waler beam HY 700, bracket
HY 400; strut: EA=3.56 6.20 10° kN, preloadings
in kN/m (1st: 100; 2nd: 300; 3rd & 4th: 350)

Hillview Diaphragm wall (thickness: 1 & 1.2 m, length: 6 Strut HY 700, double waler beam HY 650, runner

29 m) beam HR 350; strut: EA =3.56 6.20 10° kN,

preloadings in kN/m (1st level: 100; 2nd level: 200; 3rd
level: 400; 4th, 5th, and 6th level: 500)

Bukit Panjang Secant-bored pile wall (1.2 m diameter with 5 Both reinforced concrete (RC) and steel strut (SS)

1.5 m spacing, length: 21.5 35.3 m)

Beauty World Secant-bored pile wall (1.2 m diameter with
1.6 m spacing, length: 10.3 25.1 m)

used with splays; strut preloadings: RC1, SS, 2, 3, 4, &
5 =400 kN/m, strut: EA, RC=3.24 10" kN, SS=
1.02 1.26 10" kN

4 Strutsize: S1 2-UB 400 300 94.3 kg/m;S2 2-UB
500 300 128 kg/m; S3 & S4 2-UB 610
324 155 kg/m; preloading in kN (S1: 150, S2: 270, S3:
350, S4: 400)

phy, and relative position between each strut level and geo-
logic unit. Fig. 3b summarizes the variation in SPT-N val-
ues with depth, based on numerous borelogs. Generally,
the ground subsurface pro le is rather variable, as illus-
trated in Fig. 4. The GVI residual soil permeability was
also determined to be highly variable, in the range of
10 * 10 8 m/s.

Excavation support system description

The excavation geometries and ground conditions of the
four sites are summarized in Table 1. In general, the GVI
residual soil layer was thicker at the CSH and HLYV sites
compared to the other two sites. The retaining systems
adopted for the four stations are listed in Table 2. Figure 5
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Fig. 5. Typical strutting arrangement plan for CSH station.

Table 3
Summary of stages of excavation at four stations.
Activity Stations and the corresponding dates

CSH BTW BKP HLV
Stage S1: Excavation of 1st level of soil & installation of S1 struts 3/6/2011 18/3/2011 20/1/2012 17/6/2011
Stage S2: Excavation of 2nd level of soil & installation of S2 struts ~ 2/9/2011 12/9/2011 3/3/2012 29/12/2011
Stage S3: Excavation of 3rd level of soil & installation of S3 struts 9/12/2011 9/1/2012 4/4/2012 12/5/2012
Stage S4: Excavation of 4th level of soil & installation of S4 struts 20/1/2012 29/3/2012 24/1/2013 22/6/2012
Stage S5: Excavation of 5th level of soil & installation of S5 struts 23/2/2012 5/5/2012 13/3/2013 10/8/2012
Stage S6: Excavation of 6th level of soil & installation of S6 struts 28/6/2013 23/8/2012
Stage S7: Excavation to nal elevation level 27/10/2012
Groundwater control measures Fissure grouting, recharging Recharging Fissure grouting Recharging

illustrates the typical strutting arrangement plan for the
CSH station.

Construction activities

The main excavation and construction activities of the
four stations and the corresponding dates are summarized
in Table 3. As the excavation depths di ered, ve strut
levels were installed at the CSH and BTW sites, while there
were six and seven strut levels at the BKP and HLYV sites,
respectively. The nal row of Table 3 lists the groundwater
control measures that were used to provide a hydraulic cut-
o within the rock mass and prevent signi cant groundwa-
ter drawdown. Fissure grouting was carried out in zones
outside the excavation, to an adequate depth below the
excavation base level. Moreover, recharging wells were
installed behind the excavation areas that were sensitive
to settlements.

Field instrumentation

The monitoring data collected during the construction
consisted of diaphragm wall and secant bored pile wall
de ection (using in-wall inclinometers), pore water pres-
sure (using vibrating wire piezometers), ground settlement
(using settlement markers), and strut loading (using strain
gauges and load cells). Data were obtained from the incli-
nometers and piezometers daily during excavation. For

brevity, Fig. 6 only illustrates the plan view instrumenta-
tion layouts of two of the stations (CSH and HLYV).
Notations for the symbols are as follows: | inclinometer;
GWV vibrating wire piezometer; LG ground settlement
marker; SG strain gauge; and LC load cell.

Field observations

Field instrumentation responses, including lateral wall
deformations, ground settlements, piezometric level
changes, and strut loadings, are presented in this section.

Lateral wall movements

Figure 7 illustrates the typical lateral wall de ection
plots for each cross-section of the four stations. It is obvi-
ous that the maximum wall de ection increases as the exca-
vation proceeds to the nal elevation level (FEL). It should
be noted that the deformation curve shapes indicate a can-
tilever movement of the wall during the rst and second
stages (S1 and S2).

Figure 8 illustrates the maximum lateral wall de ection
at each stage of excavation for all cross-sections of the four
stations. The red dotted boxes with the numbers S1 S6
above indicate the stages of excavation, while the symbols
of di erent shapes and colors inside each box represent the
various cross-sections. The results indicate that from exca-
vation of the second-layer soil (S2) onwards, the normal-
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Fig. 6. Instrumentation layouts of CSH and HLV stations.

ized maximum wall de ection is below 0.2% of the excava-
tion depth H, which indicates that the diaphragm wall
de ections and secant-bored pile walls during subsequent
excavation are generally small.

Ground surface settlements

Figure 9 illustrates the typical ground surface settlement
pro les at di erent stages of excavation for the CSH and
HLV stations. It is obvious that the ground settlement
increases with increasing excavation depth.

Figure 10 illustrates the ground surface settlement pro-
les at the nal elevation stage for all cross-sections of the
four sites. It can be observed that the ground surface set-
tlement pro les vary signi cantly, even within the same
site, possibly because of the heterogeneous ground condi-
tions. For the CSH and HLYV sites, most of the measured
maximum ground surface settlements occurred within a
distance of d =1.0H, where d is the distance from the
retaining wall, but in some cases the maximum occurred
further away, at a distance between d =1.0H and 1.5H.
Furthermore, the observed settlement pro les at certain
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Fig. 7. Typical retaining wall de ection pro les.

sections extended beyond d = 3.0H for the CSH and HLV
sites. It should be noted that no other excavation activi-
ties took place in the surrounding areas of these
sections. For the BKP and BTW sites, the maximum
ground surface settlements occurred within a distance of
d=1.0H, and the settlement pro les did not extend
beyond d = 3.0H.

Groundwater level changes

Figure 11 illustrates the piezometric level measurements
for GWV2008 and 2007 at di erent depths, for one of the
CSH station sections. Figure 11a presents the layout of the
piezometers GWV2008 and 2007, where GWV2008 is 15 m
from the wall and GWWV2007 is 28 m from the wall.
Figure 11b illustrates the recorded piezometric level
changes with the construction day number for the top
vibrating wire piezometers. It can be observed that for
the two piezometers GWV2007-3 and GWV2008-3 located
in the GVI layer, the two curves are generally quite similar
up to day 280. Subsequently, from day 280 to day 360,
GWV2007-3, which is located further from the wall, exhib-

ited signi cantly lower piezometric levels than GWV2008-
3. A comparison of GWV2007-2 and GWV2008-2 in
Fig. 11c indicates that during the entire duration of the
excavation activities, particularly after 200 days, the draw-
down in GWV2007-2, which was further from the wall, was
greater than that of GWV2008-2. For GW2007-1 and
GWV2008-1, the di erences in the groundwater drawdown
were minimal, as shown in Fig. 11d. The observed ground-
water level measurements illustrate the trend of a smaller
drawdown near the wall and larger drawdown further from
the excavation. This indicates that the ssure grouting/
recharging, which is carried out close to the wall, was suc-
cessful in preventing groundwater drawdown in this zone.
However, as no recharging/ ssure grouting took place
away from the wall, this resulted in increased groundwater
ow and larger settlement because of the rock ssures in
this zone. It may also explain the unusual settlement pro-
les observed in Figs. 9, 10a, and b, with smaller settle-
ments near the wall and larger settlements further from
the wall.
Figure 12 plots the observed gradual groundwater
drawdown, d,,, behind the retaining wall for the four
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Fig. 8. Maximum wall de ection versus excavation depth.

sites, where each data point corresponds to the average
standpipe readings for the particular site. It is obvious
that as excavation proceeds to the FEL, the groundwater
table decreases. Furthermore, the groundwater draw-
downs for the CSH and HLYV sites were more signi cant
than those for the other two sites, which is consistent
with the larger ground settlements observed at the CSH
and HLYV sites. Possible explanations for this uncommon
large drawdown include the interconnected ssures in the
rock and the high permeability of completely weathered
residual soils.

Strut forces

Figure 13 illustrates the measured strut forces from the
strain gauges for struts S2006 and S2007 of the CSH sta-
tion at di erent construction stages, including the subse-
quent strut removal following the basement structure
construction. After reaching a peak following excavation

to the rst stage soil level, loads for the rst strut level
(S2006-1 and S2007-1) decreased for subsequent stages of
excavation. Strut loads for the second level (S2006-2 and
$2007-2) remained relatively constant following excavation
to the third soil level, while loads recorded at the third
(S2006-3 and S2007-3) and fourth strut levels (S2006-4
and S2007-4) continued to increase until excavation to
the nal formation level. The removal of strut 4 caused a
signi cant increase in the load in strut 3, but minimal
changes to the load in struts 1 and 2. Similarly, the removal
of strut 3 resulted in a signi cant increase in the load in
strut 2. Similarly, the removal of strut 2 caused a signi cant
increase in the load in strut 1.

Table 4 summarizes the maximum total loads of each
strut level for S2006 and S2007, during excavation and fol-
lowing strut removal. Based on these maximum loads and
the locations of each strut level, using the tributary area
method proposed by Terzaghi and Peck (1967) and Goh,
Zhang, Zhang, and Otard (2017), the normalized apparent
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Fig. 9. Typical ground surface settlement pro les for di erent stages.

earth pressure was derived, as illustrated in Fig. 14. The
maximum normalized pressure was approximately 0.38
cH, where c is the soil unit weight and H is the nal exca-
vation depth.

Recharging e ect

Figure 15 illustrates the recharging well layouts for the
CSH and HLYV sites, with the well points denoted by green
solid circles, as well as the recharging e ects. The numbers
in red denote the maximum ground settlements, in mm,
corresponding to the cross-section. It is obvious that for
most cross-sections, the maximum ground settlement is
reduced because of recharging, compared to the corre-
sponding opposite section value, particularly for CSH sta-
tion. Apart from Sections 3 (denoted by S3) and 5 (denoted
by S5) of the HLV station, both plots indicate that the
recharging carried out during excavation is e ective in
reducing the ground surface settlement.

Comparison of braced excavation responses

This section presents a comparison of the measured wall
de ections, ground surface settlement values and settle-
ment pro les, and strut forces, using empirical methods
(charts or gures) from the literature.

Fig. 10. Ground surface settlement pro les at nal stage of excavation of
four stations.
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Fig. 11. Groundwater level measurements for GWV2008 & 2007 at di erent depths.

Fig. 12. Observed average groundwater drawdown.

Characteristics of lateral wall movements

The measured maximum wall de ections dy,, from all
available sections of the four sites are plotted in Fig. 16
with respect to the excavation depth H. There is a clear
relationship between d,,, and H. The maximum wall dis-
placement is bounded by lines with a dy,/H ratio between
0.025% and 0.15%, and an average value of 0.072%. Table 5
provides the reported values of the normalized maximum
wall de ection d,/H for varying soil types in di erent
regions, including the BTG residual soil in this paper. It
is obvious that the normalized maximum wall de ections
for excavations in the BTG residual soil were signi cantly
smaller than those for excavations in soft soil deposits,
and of the same order of magnitude as many of the
reported excavations in the sti er soil deposits.
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Fig. 13. Measured strut forces for CSH cross-sections.

Table 4
Maximum loadings for S2006 and S2007 struts (CSH).

Strut no. Maximum load (kN) Strut no. Maximum load (kN)
S2006-1 1593 $2007-1 1738
$2006-2 3517 $2007-2 3477
$2006-3 3403 $2007-3 3699
S2006-4 2396 S2007-4 3357

Fig. 14. Normalized apparent earth pressure versus normalized depth for
CSH sections.

Characteristics of ground surface settlement values

The measured maximum ground surface settlements dy,
from all available sections of the four sites are plotted in
Fig. 17 with respect to the excavation depth. The settlement
values for the CSH and HLYV sites are far greater than
those of the other two sites, probably owing to the signi -

cant groundwater drawdown, as described in section 3.3.
The maximum settlements are bounded by lines with nor-
malized maximum settlement d,/H ratios between 0.09%
and 0.9%, and an average value of 0.27%. Table 6 presents
a comparison of the reported d,/H values for varying soil
types in di erent regions. The ground surface settlements
measured in the BTG residual soils were larger than most
of the previously reported excavations in both soft and sti
soils, possibly because of the large groundwater drawdown
at the four sites.

Figure 18 plots the normalized maximum ground sur-
face settlement versus the normalized maximum wall
de ections, based on eld measurements of the four sites.
For most cases, the d,/d,, ratio lies between 1.0 and
10.0, with an average value of 3.0, indicating that the max-
imum ground surface settlement is approximately three
times the value of the maximum wall de ection. A compar-
ison of the reported d,/dnm, Values for varying soil types in
di erent regions in Table 7 indicates that the d,,/dy, ratio
for excavations in BTG residual soil was signi cantly larger
than in previously reported cases. Again, this is likely a
result of the large groundwater drawdown at the four
sites.

Characteristics of ground surface settlement pro les

Figure 19 illustrates the cross-sectional measurements
(represented by di erent symbols) at the four sites, together
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Fig. 15. Recharging well layout and e ects.

with the ground surface settlement envelopes proposed
by Peck (1969). In addition, the proposed ground surface
settlement envelopes based on the data measured in this
study are depicted. For cases with signi cant groundwa-
ter drawdown (>13m) and a GVI thickness exceeding
10 m, such as CSH and HLV, as indicated in Table 1,
the upper bound of d,/H = 1.0%, and knee point d/H

= 1.5, with the in uence zone extended to d/H = 3.0,
was found to provide e ective estimates of the ground
surface settlement. For BKP and BTW, with a GVI
thickness less than 10 m and signi cantly less groundwa-
ter drawdown, the upper bound was d,,,/H = 0.5% and
the knee point was at d/H = 1.0, with the in uence zone
within d/H = 2.0.
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Fig. 16. Maximum wall de ections against excavation depth for four sites.

Characteristics of strut forces

Based on the maximum loadings of each strut level dur-
ing excavation and following strut removal and the corre-
sponding locations for the four stations, similar apparent
earth pressure diagrams were developed for the BTG resid-
ual soils using the tributary area method, as illustrated in
Fig. 20. Additionally, in Fig. 20, the CIRIA-
recommended distributed prop load of a=0.5 for sti
walls (Twine & Roscoe, 1999) is plotted. However, based
on the measured results, for the BTG residual soils, it is

Fig. 17. Maximum ground surface settlement against excavation depth
for four sites.

proposed that a = 0.4 instead of 0.5 be adopted. Therefore,
using the apparent earth pressure of r,=0.4cH, and
Peck s tributary area method, the force acting on each strut
can be estimated.

Summary and conclusions

This paper has summarized the general ground condi-
tions, excavation support systems adopted, construction

Table 5

Summary of reported dy,/H values.

Data source

Soil layer

Shn/H (%)

Ou, Hsieh, and Chiou (1993)
Moormann (2004)

Liu, Shi, Yi, and Wu (1999)
Li (2002)

Wang, Xu, Chen, and Wang (2005)
Wang, Charles, and Liu (2005)
Cetin (2016)

Zhang and Goh (2016)

Li (2002)

Li, Li, and Tang (2015)

Fernie and Suckling (1996)
Carder (1995)

Wong, Poh, and Chuah (1997)
Wu, Wang, and Peng (1997)
Long (2001)

Yoo (2001)

Li (2002)

Clough and O Rourke (1990)
Ali and Khan (2017)

Present study

Soft clay, Taipei
Soft soil (c, < 75 kPa)

0.20

0.50

0.5 1.0 (0.87)"

Soft soil, Shanghai 0.20 0.90
Soft soil in old alluvium, Singapore 0.15 0.60
Soft soil <0.70
Soft soil, Shanghai 0.10 0.60
Soft clay, Istanbul 0.043 0.32
Residual soils <0.1
Medium soil in old alluvium, Singapore 0.20 0.70 (0.43)
Silty clay, Nanjing 0.08 0.32
Sti soil, UK 0.15 0.20
Sti soil, UK 0.13 0.40
Soft soil overlying residual soil, Singapore 0.04 0.35
Hard soil, Taipei 0.07 0.20
Sti soil 0.05 0.25
Residual soil and soil overlying rocks 0.05 0.15
Sti soil in old alluvium, Singapore 0.04 0.20
Sti clay 0.05 0.25
Sti clay 0.10 0.50
Bukit Timah granite residual soil 0.025 0.15

“ The number in the bracket indicates the average mean value.
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Table 6

Summary of reported d,/H values.

Data source Soil layer dym/H (%)
Ou et al. (1993) Soft clay, Taipei 0.13 0.36

Li (2002)

Moormann (2004)

Wang, Xu, and Wang (2010)
Wang, Xu, and Wang (2011)
Li (2002)

Li, Zhang, Fang, and Lu (2012)
Li et al. (2015)

Ali and Khan (2017)

Peck (1969)

Clough and O Rourke (1990)
Carder (1995)

Fernie and Suckling (1996)
Wong et al. (1997)

Long (2001)

Li (2002)

Leung and Ng (2007)
Present study

Soft soil in old alluvium, Singapore
Soft soil (c,<75 kPa)

Soft soil, Shanghai

Soft soil, Shanghai

Medium soil in old alluvium, Singapore
Silty clay, Beijing

Silty clay, Nanjing

Firm to sti clay

Sti clay, USA

Sti soil

Sti soil, UK

Sti soil, UK

Soft soil overlying residual soil, Singapore
Sti soil

Sti soil in old alluvium, Singapore
Silty sand, Hong Kong

Bukit Timah granite residual soil

0.20 0.70 (0.47)
1.10

<0.42

0.10 0.60

0.15 0.40 (0.26)
0.08 0.32

0.04 0.19

0.10 0.40
<0.70

<0.20

0.10 0.20

0.15

0.04 0.20
<0.20

0.02 0.20 (0.06)
0.20 0.50

0.09 0.90
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activities, and eld instrumentation for four excavation
sites with granitic residual soil in Singapore. The measured
wall de ections, ground settlement values and settlement
pro les, strut loads, and piezometric level changes were
then presented. Based on the measured results, the braced
excavation responses in the BTG residual soil can be sum-

marized as follows:

(1) The wall de ections are small.
(2) Based on the piezometric level changes, the ground-

water drawdown in the four sites is signi cant.

(3) The ground surface settlements are far greater than
those reported in the literature, probably owing to
the signi cant groundwater drawdown.

(4) The ground settlement is dependent on the GVI layer
thickness and the extent of the groundwater

drawdown.

Fig. 18. Relationship between d,, and d,, for four sites.
Table 7
Summary of reported relationship between d,,, and dy,
Data source Soil layer dym/Ahm
Mana and Clough (1981) Clay 05 1.0
Ou et al. (1993) Taipei soft clay 0.5 1.0
Wang et al. (2010) Shanghai soft soil 0.4 2.0
Goldberg, Jaworski, and Gordon (1976) Soft to medium sti  clay 0.5 2.0
Ali and Khan (2017) Firm to sti clay 0.7 1.4
Li (2002) Old alluvium, Singapore 0.6 1.1
Present study Bukit Timah granite residual soil 1.0 10.0
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Fig. 19. Proposed settlement pro les for BTG residual soil sites.

Fig. 20. Normalized apparent earth pressure for BTG residual soil.

(5) For excavations in BTG residual soil, the normalized
apparent earth pressure coe cient of a=0.4 is
proposed.

A possible explanation for the large groundwater draw-
down and settlement is the under-drainage mechanism.
Wen and Lin (2002) postulated that the stress relief occur-
ring directly below an excavation may cause water to be
drawn into the excavation. The permeable residual soils
and fractured rocks of the BTG formation beneath the
compressible GVI layer provide hydro-geological connec-
tivity beyond the excavation and cause under-drainage
below the compressible soil to induce a consolidation set-
tlement behind and away from the excavation. It should
be stressed that this study mainly summarizes the braced
excavation responses in BTG residual soils, based on the
instrumentation results. For the sake of brevity and sim-
plicity, the physical and mechanical properties of BTG



W.G. Zhang et al./Underground Space 3 (2018) 150 165 165

residual soil are not covered herein. A summary of the
physical and mechanical properties, as well as the system-
atic numerical veri cations of the wall de ection and
ground surface settlement responses from the groundwater
drawdown, will be reported in future papers.
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