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Abstract.

Braced excavation systems are commonly required to ensure stability in construction of basements for shopping

malls, underground transportation and other habitation facilities. For excavations in deposits of soft clays or residual soils, stiff
retaining wall systems such as diaphragm walls are commonly adopted to restrain the ground movements and wall deflections in
order to prevent damage to surrounding buildings and utilities. The ground surface settlement behind the excavation is closely
associated with the magnitude of basal heave and the wall deflections and is also greatly influenced by the possible groundwater
drawdown caused by potential wall leakage, flow from beneath the wall, flow from perched water and along the wall interface
or poor panel connections due to the less satisfactory quality. This paper numerically investigates the influences of excavation
geometries, the system stiffness, the soil properties and the groundwater drawdown on ground surface settlement and develops a
simplified maximum surface settlement Logarithm Regression model for the maximum ground surface settlement estimation.
The settlements estimated by this model compare favorably with a number of published and instrumented records.
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1. Introduction

Buildings and underground pipelines adjacent to a deep
excavation are at high risks of damage due to the
unfavorable ground movements. One of the main concerns
in a braced excavation in an urban area is the risk of
damages to adjacent infrastructures caused by the
excavation-induced ground movements. Evaluating the
magnitude and distribution of ground movements adjacent
to a supported excavation is an important part of the design
process. Although numerical modeling is a powerful tool in
many design situations, it can be costly and requires
considerable efforts to implement and interpret the results.
Therefore, empirical/semi-empirical methods are most
commonly used to predict the ground movements induced
by a braced excavation.

There are many empirical and semi-empirical methods
for relating the excavation induced maximum wall
deflections to the basic design parameters including the
excavation depth and width, the thickness of soft soils, as
well as the system stiffness or the relative stiffness ratios

(Mana and Clough 1981, Wong and Broms 1989,
Clough

and O’Rourke 1990, Hashash and Whittle 1996,
Addenbrooke et al. 2000, Kung et al. 2007, Zhang et al.
2015, Goh et al. 2017, Xiang et al. 2018, Zhang et al.
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2018a). However, when it comes to the estimation of the
excavation-induced ground surface settlements, apart from
the previous charts proposed last century (Peck 1969,
Clough and O’Rourke 1990, Ou et al. 1993, Hsieh and Ou
1998), few approaches can be referred to (Hsieh and Ou
1998, Kung et al. 2007, Cham and Goh 2011, Zhang et al.
2015, Goh et al. 2017, Gao et al. 2018, Zhang et al. 2018b).
The reasons might lie in that: firstly, the ground surface
settlement response is more complicated and is generally
monitored by settlement markers at different distances from
behind the wall while for the wall deflection, the wall
inclinometer instrumentation is much easier; secondly, it is
generally accepted that the maximum ground surface
settlement is generally within 0.5-1.0 time the maximum
wall deflections for braced excavations (Mana and Clough
1981, O’Rourke 1981, Goh et al. 2017). Nevertheless, the
latter is true only when the ground surface settlement is
solely caused by the wall deflection through the sole
deformation compatibility mechanism. For cases with
considerable  groundwater  drawdowns behind  the
excavation which may be caused by potential wall leakage,
flow from beneath the wall embedded in the residual soils
with more percentiles of silts or sandy silts, flow from
perched water and along the wall interface or poor panel
connections due to less satisfactory quality, consolidation
settlements are introduced due to the increased effective
stresses as a result of the water drawdown, under which
circumstance the measured total ground surface settlement
would be much greater (Zhang and Goh 2016, Zhang et al.
2018c).

Ground surface consolidation settlements induced by
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braced excavation subjected to a significant groundwater
drawdown are seldom reported and investigated
systematically due to a lack of validations from case
instrumentations. This paper numerically investigates the
influences of excavation geometries, the system stiffness,
the soil properties as well as the groundwater drawdown on
the ground surface settlement using PLAXIS software and
develops a simplified maximum surface settlement LR
model for the maximum value estimation. The maximum
ground surface settlements estimated by this model
compare favorably with a number of published and
instrumented records. It can provide a preliminary
estimation of the ground surface consolidation settlements
for braced excavations and design guidance for ongoing
projects in similar ground conditions.

2. Soil model

The common soil models used in PLAXIS for braced
excavation include the Mohr—Coulomb (MC) model, the
hardening-soil (HS) model and the hardening-soil with
small strain (HSS) model. The MC model is commonly
used in practice. Based on it, the soil is elastic before failure
and only switches to plastic upon reaching failure. In
contrast, real soil response is elastic-plastic (i.e., nonlinear)
even before failure. That is, MC model can’t capture either
the inelastic response or the stress-dependency behavior.
The HS model is an advanced elasto-plastic strain
hardening cap model for simulating the behavior of soils,
especially for braced/supported excavations. The model
involves frictional hardening characteristics to model plastic
shear strain in deviatoric loading, and cap hardening to
model plastic volumetric strain in primary compression.
Failure is still defined by the Mohr-Coulomb failure
criterion. Most of the soils for braced excavation are
subjected to low strain levels and at low strain levels most
soils exhibit a higher stiffness than at engineering strain
levels for braced excavations. In addition, this stiffness
varies non-linearly with strain. The main input parameters
for HS model include Es™, a reference secant modulus
corresponding to the reference confining pressure p™, a
power m for stress-dependent stiffness formulation,
effective friction angle ¢, cohesion c, failure ratio Ry, E,"
the reference stiffness modulus for unloading and reloading
corresponding to p™', and v, the unloading and reloading
Poisson’s ratio. This model has been used for analyses of
deep excavations by a number of researchers including
Finno and Calvello 2005, Bryson and Zapata-Medina 2012,
Goh et al.2017, Zhang et al. 2017, Xiang et al.2018, Zhang
et al. 2018d, Zhang et al. 2018e.

The HSS model is an improvement based on the HS
model, accounting for the increased stiffness of soils at
small strains with introduction of two additional parameters
which are G, and y,7. G is a reference initial shear
stiffness corresponding to the reference pressure p™ and
shear strain y,; at which the secant shear modulus is
reduced to 70% of Go. The reader can refer to Benz (2007)
for additional details. Since the chart for estimating the
parameter y,; based on Vucetic and Dobry (1991) and
reported in Brinkgreve et al. (2006) shows that y,7 only

varies within a narrow of range of between 1x10* and
4x10™, in this paper yo;= 2x10™ was assumed. The Gy is
defined as

Gy =T ccosg— oising
0770 Yecosg+ p”fsin¢)

(1)

where o} is the major principal effective stress. Following
the approach recommended by Brinkgreve et al. (2006), Gy
was obtained by firstly determining the E,/E,, ratio based
on the chart by Alpan (1970) and assuming E,, = 3Esq. The
effective friction angle is computed using the correlation
proposed by Wroth and Houlsby (1985)

[ 3sin
- =0.5743 ¢

oy, 3 —sing @)

in which ¢, is the undrained shear strength and o', is the
vertical effective stress. When the groundwater table is at
the ground surface and assuming m = 1, ¢/6’y = «, soil
stiffness ratio Esp/c, = fand of = K, o} in the HSS model,
Eso™" can be expressed as (Zhang et al. 2015)

ETe = Eso _ acy _ aﬂpref
50 o} " Koxcy \™ Ko 3)
pref ppre!

The HSS model accounts for the increased stiffness of
soils at small strains. At low strain levels most soils exhibit
a higher stiffness than at engineering strain levels, and this
stiffness varies non-linearly with strain. In the back analysis
for the TNEC case history, Kung et al. (2009) used a small-
strain constitutive model as well as a Modified Cam Clay
(MCC) model for soft/medium clay. Their results indicated
that the small-strain model was able to predict the wall
lateral deflection and ground surface settlement fairly well,
but that the MCC model could not predict accurately the
surface settlement. Other publications in which small strain
has been used to model excavation in soft/medium clay
include Hashash and Whittle (1996), Jen (1998), Kung
(2003), Finno and Tu (2006), Kung et al. (2007), Lam
(2010), Clayton (2011), and Zhang et al. (2015).

The Plaxis default values are used to define the power
for stress-level dependency of the stiffness m, the
coefficient of earth pressure at-rest Ko™, the Poisson’s ratio
vy and Ey, with m =1, K™ =1 —sin, o, =0.2and E, =
3E5o.

3. Finite element analysis

Parametric studies have been carried out using the HSS
model for the soft clay with emphasis on the ground surface
settlements. Fig. 1 shows schematically the cross section of
the excavation system, with a slightly simplified soil profile
comprising of a thick normally consolidated silty clay layer
overlying a stiff clay layer, typical of soil conditions in
many coastal areas. The MC constitutive relationship was
used to model the stiff clay (y = 20 kN/m? ¢, = 500 kPa, E,
= 250 MPa) underlying the soft silty clay deposit. The silty
clay thickness is denoted as T in Fig. 1. The penetration
depth of the wall into the stiff layer was 5 m which is
proved to be sufficient against basal heave failures.

The analyses considered a plane strain excavation
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Fig. 1 Cross-sectional soil and wall profile

Table 1 Parameters considered and the values

Parameter Ranges
Relative shear strength ratio c,/o{ 0.25,0.30, 0.35
Relative soil stiffness ratio Eso/c, 100, 200, 300
Groundwater drawdown d,, (m) 0.3,6.0,12.0
*System stiffness S 7.309 , 8.176 , 8.846
Excavation width B (m) 30, 40
Soft clay thickness T (m) 25, 30
Excavation depth H, (m) 14, 17,20

*Influence of wall stiffness was studied by varying wall
thickness d while keeping the Young’s modulus of the wall
constant (E=2.0x10" kN/m?). The corresponding natural
logarithm of the system stiffness In(EI/yWh“avg), denoted by
S for the wall thickness of 0.9, 1.2 and 1.5 m with average
vertical strut spacing h,,,=3m are 7.309 , 8.176 , 8.846,
respectively.

Table 2 ¢, Ko and Es,™ values for soft clay in HSS model

o 025 030 035
o(°) 223 264 304
Ko 0621 0555 0494
Ewlco =100 4026 5405 7085

ref
(Eg’a) Ee/C,=200 8052 10811 14170

Eso/C, =300 12077 16216 21255

supported by a retaining wall system. The soil was modeled
by 15-noded triangular elements. The structural elements
were assumed to be linear elastic with the wall represented
by 5-noded beam elements and 3-noded bar elements were
used for the 6 levels of struts located at depths of 1 m, 4 m,
7 m, 10 m, 13 m and 16 m below the original ground
surface. The nodes along the side boundaries of the mesh
were constrained from displacing horizontally while the
nodes along the bottom boundary were constrained from
moving horizontally and vertically. The right vertical
boundary extends far from the excavation to minimize the
effects of the boundary restraints. The ranges of properties

Table 3 Construction procedures

Phases Construction details

Generate the initial effective stress, pore pressure and
state parameters.

Initial Phase

Phase 1 Install the diaphragm wall
Reset displacement to zero, lowering water table inside
the excavation to 2 m below ground surface, followed
Phase 2 by the removal of soils of 2 m thickness, the water table
behind the wall follows steady state seepage pattern,
into the excavated area
Phase 3 Install strut at 1 m below the ground surface
Dewatering of 5 m and excavate to 5 m below the
Phase 4 L .
ground surface inside the excavation
Phase 5 Install strut at 4 m below the ground surface
Dewatering of 8 m and Excavate to 8 m below the
Phase 6
ground surface
Phase 7 Install strut at 7 m below the ground surface
Dewatering of 11 m and Excavate to 11 m below the
Phase 8
ground surface
Phase 9 Install strut at 10 m below the ground surface
Phase 10 Dewatering of 14 m and Excavate to 14 m below the
ground surface
Phase 11 Install strut at 13 m below the ground surface
Phase 12 Dewatering of 17 m and Excavate to 17 m below the
ground surface
Phase 13 Install strut at 16 m below the ground surface
Dewatering of 20 m and Excavate to 20 m below the
Phase 14

ground surface

Fig. 2 Groundwater drawdown pattern (d,=6 m)

varied are shown in Table 1. The various ¢, Ko, and Es,"™

values derived from the commonly used empirical
equations (Zhang et al. 2015, Liang and Jia 2017) are listed
in Table 2.

The strut stiffness per meter EA is assumed as a constant
at 3.80x10° kN/m since the influence of strut stiffness on
wall deflection is not very significant when the strut is stiff
(Poh and Wong 1997). A total of 746 hypothetical cases
were analyzed.

The construction sequence comprised the following
steps:

(1) the wall is installed (“wished into place”) without
any disturbance in the surrounding soil;

(2) the soil is excavated uniformly 1 m below each strut
level prior to adding the strut support with struts at 3 m
vertical spacing until the final depth H, is reached. Details
are listed in Table 3.

The groundwater table was at the ground level when
excavation started. As excavation proceeds, the water head
inside the excavation drops to the excavation level with
each stage. Meanwhile, the groundwater drawdown outside
excavation may be caused by wall leakage, flow from



638 Runhong Zhang, Wengang Zhang, A.T.C. Goh, Zhongjie Hou and Wei Wang

Distance from the wall (m)
\] 10 20 30 40 a0 60

20

40

60+

80

1004

1204

Max.ground surface settlement (m)

Fig. 3 Max ground surface settlements d,,, for different
excavation stages

Lateral wall deflection (mm)
140120100 _80 60 40

—a—h=2m y;
—e—h=5m ﬁ
4—h=8m :

,

[
——h=1lm -’”‘i". s
e h=l4m )
4—h=17m Y 4 oo
ceohe2om Sy A aw ]

0

o

@
Depth (m)

T
]
o

35
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stage

beneath wall and perched water, flow along wall interface
or poor D-wall panel connections. The maximum
drawdown is considered as 12 m, 6 m and 0.3 m,
respectively. The drawdown curve is determined through
the steady state seepage pattern, as shown in Fig. 2. It is
obvious that due to the hydraulic head difference, the water
behind the excavation flows into the excavated area through
the zones right below the final elevation level (Wen and Lin
2002).

Fig. 3 shows the ground surface settlement profiles
corresponding to the different excavation stages for case of
B=30 m, Hs=20 m, c/0',=0.35, Es/c,=200, S=8.176,
dy,=6.0 m and T=30 m. It is obvious that the maximum
ground surface settlement 3., increases as excavation
proceeds. In addition, the ground surface settlement trough
widens as excavation proceeds. For excavation depth h of 2
m, the width of the settlement trough is about 25 m. It
increases to about 50 m when the excavation depth h is 11
m. It should also be noted that the maximum ground surface
settlement at the final elevation level increases from 90.6
mm to 120.4 mm, compared with the case without
consideration of groundwater drawdown, indicating that the
consolidation settlement induced by the increased effective
stress due to groundwater drawdown is considerable. Fig. 4
shows the corresponding maximum wall deflections for
each excavation stage. It is obvious that the wall deflects
more as excavation proceeds.

i |

(@) dy=0.3 M, Sy _s = 252.8 mm

(c) dy=12.0 M, S _s= 151.0 mm

Fig. 5 Ground horizontal movement for different
groundwater drawdown d,,

(c) dy=12.0 m, 6,,=261.5 mm, 9,,=230.6 mm

Fig. 6 Ground surface settlements for different ground
water drawdown d,,

Fig. 5 shows the influence of the groundwater
drawdown on the soil lateral movement behind the wall,
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for cases with B=30 m, T=30 m, H.=20 m, S=7.309,
¢,/0',=0.30, Esy/c,=200, under d,=0.3 m, 6.0 mand 12.0 m,
respectively. It is obvious that for the same excavation
depth, the more water drawdown, the less the maximum
lateral soil movement (dnns) behind the wall due to a
decreased pore water pressure acted on the wall.
Accordingly, the diaphragm wall, as well as the soil behind
deflects less.

Fig. 6 shows the influence of groundwater drawdown on
the ground settlement profiles, the maximum ground
surface settlement J,, and the basal heaves dy,, for cases
with B=30 m, T=30 m, H, =17 m, S$=7.309, c,/c",=0.30,
Eso/c,=200, under d, = 0.3 m, 6.0 m and 12.0 m,
respectively. It is obvious that d,,, increases significantly as
the water drawdowns more. Fig. 6 also indicates that the
settlement trough widens as the groundwater drawdown
increases from 0.3 to 12.0 m, which confirms the finding in
Fig. 2. In addition, the basal heaves oy, decrease
considerably since the uplift pressures exerted on basal soils
are reduced due to the groundwater drawdowns.

Fig. 7 shows the influence of the soil shear strength ratio
c/o'y and the groundwater drawdown d,, on the maximum
ground surface settlement, for cases with B=30 m, T=30 m,
He=14m, S=8.846 for c,/c',=0.25, 0.3, 0.35, d,, = 0.3 m, 6.0
m and 12.0 m, respectively. It is obvious that the max.
ground settlement increases as the soil shear strength ratio
c/o'y is becoming smaller and the groundwater drawdown
becomes more significant. In addition, for the same c,/c’,
and d,,, the max.ground settlement decreases as the relative
soil stiffness ratio increases.

For brevity, only some general trends of the ground
surface settlements are highlighted. The influence of the
soil stiffness ratio Esg/c, and the shear strength ratio ¢,/c'y is
shown in Fig. 7, for cases with B=30 m, T=25 m, H,=17 m,
$=8.176 for d,, = 0.3 m, 6.0 m and 12.0 m, respectively. It is
obvious that the max. ground surface settlement decreases
with the increase of the relative soil stiffhess ratio Esy/c,
and the relative soil shear strength ratio ¢ /c'\.

Fig. 8 shows the influence of the excavation depth H,
and the groundwater drawdown d,, on the maximum ground
surface settlement, for cases with B=30 m, T=30 m,
S$=8.176 for H, =14 m, 17 m, 20m, d,, = 0.3 m, 6.0 m and
12.0 m, respectively. It is obvious that the max. ground
settlement increases as the excavation is becoming deeper
and the groundwater drawdown becomes more significant.

4. Estimation model

Based on the numerical results and the least-square
method, a simple Logarithm Regression (LR) model has
been developed for estimating the maximum ground surface
settlement d,,, as a function of seven input parameters of
excavation geometries B, T, H,, soil parameters c/o',
Eso/cy, System stiffness S, and groundwater drawdown d,,.
The optimal equation
with coefficient of determination R?=0.9245 for J,, takes
the following form

Svm:24.26BOA3747T0A7251(He)1A2032(CU/G(V)—1.4687( ESO/CU)-0.5479 4
S—2.2223(dw)0.1013 ( )
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Table 4 Summary of excavation case histories
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Case No. Name B (m) T (m) H. (m) (W Eso/Cy S dw (M) Sum_m (MM)  Sym_1r (MM)
tunnel at Race
1 Course Road 14 12.0 17.4 0.25 200 8.110 113 51.0 63.0
(Wen and Lin
2002)
2 Cashew station 50 3.0 195 0.35 200 6.158 127 42.0 485
section 4
3 Cashew station 30 6.9 19.5 0.35 200 6.158 135 87.0 73.8
section 8
4 Cashew station 30 125 195 0.35 200 6.158 13.6 118.3 113.6
section 9
5 Cashew station 30 8.7 195 0.35 200 6.158 13.1 717 87.0
section 13
6 Hillview station 55 7.0 245 0.35 200 8.836 128 25.9 46.8
section 7
7 Hillview station 75 245 0.35 200 8.836 13.1 28.0 51.3
section 9
g  Hillviewstation . 13.0 245 035 200 8.836 141 69.5 771
section 12
g  Hilviewstation 3.0 245 0.35 200 8.836 130 149 26.4
section 13
Hillview station
10 soction 14 40 25 245 0.35 200 8.836 16.1 1712 1255
11 Hillviewstation 75 25 0.35 200 8.836 12.8 317 512
section 16
12 Hillviewstation g 8.5 25 0.35 200 8.836 78 482 395
section 19
13 BKP section 1 54 6.2 20.0 0.35 200 8.176 47 4822 42.0
14 BKP section 5 30 58 20.0 0.35 200 8.176 4.4 33.0 319
15 BTW section 3 70 49 21.0 0.35 200 8.176 3.1 52.0 39.7
16 BTW section 4 70 85 21.0 0.35 200 8.176 6.5 54.0 63.7
17 BTWsection5 45 56 21.0 0.35 200 8.176 42 25.0 38.2
18 BTW section 7 45 42 21.0 0.35 200 8.176 2.0 37.0 28.8
19 BTW section 8 45 5.1 21.0 0.35 200 8.176 6.3 41.0 372
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Fig. 9 Response surface for d,, and Esg/c, and points of
the FEM results

Based on the expression for d,n,, the system stiffness S is
the most influential parameter since its absolute power
value is the greatest, followed by the relative shear strength
ratio c,/c’y and the excavation depth H.. Fig. 9 shows the
plot of the estimation model of the maximum ground
surface settlement, for cases with B=30 m, T=30 m, H,
=17m, S=8.176 assuming the d,, and Es/c, change within
the assigned ranges. Also plotted in Fig. 9 are the 9 data
points from FEM for d,=0.3 m, 6.0 m and 12.0 m,
Eso/c,=100, 200, 300 respectively.

Fig. 10 shows the plot of the maximum ground surface

0

0 100 200 300 400 500 600

FEM calculated max. ground surface settlement 8,,,, gy (mm)

Fig. 10 Comparison between d,y, rand dym Fem

settlement estimations using Eq. (4) versus the FEM values
for the 746 hypothetical cases, indicating that Eq. (4) is
reasonably accurate since most of the points are enveloped
by the 20% error line.

5. Validation of the proposed LR model

To validate the proposed LR model, a total of 19 well-
documented excavation case histories as listed in Table 4
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were utilized. It should be noted that references with
groundwater drawdown recordings are rarely reported. Fig.
11 shows the predicted maximum ground surface settlement
dwm_Lr Versus the measured oym n values for the 19 cases
represented by the blue solid squares. The plot indicates that
the developed LR model is able to predict reasonably well
(within relative error of 50%) the excavation induced
maximum ground surface settlements for the case histories
considered, though many other influential factors such as
the soil profiles, construction sequences, the workmanship,
etc., are not taken into consideration.

6. Conclusions

This paper presents a semi-empirical LR model for
estimating the maximum ground surface settlements for
braced excavations in clays in which the wall penetrates
into a stiff stratum. This proposed LR model relates the
maximum ground surface settlements to the various
influential parameters including the excavation geometries,
the system stiffness, the soil properties and the groundwater
drawdown. Well-documented case histories demonstrating
the reliability of the proposed LR model are given. This
proposed simple LR model can be used for a preliminary
estimation of the maximum ground surface settlement
induced by braced excavation subjected to a significant
groundwater drawdown.

It should be noted that the proposed model should be
used in similar soil stratigraphy, i.e., soft clay layer
underlain by stiff clays. For grounds with great thickness of
soft to medium clays, or soil-rock mixture ground
conditions, this model should be used with caution.
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