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Deep excavation supported by vertical retaining walls together with strutting system is commonly used in Singapore for the
construction of underground infrastructure. In this paper, a series of numerical scenarios simulated by PLAXIS software are
carried out to study the influence of different design parameters such as pre-auger loosening effect, the embedded depth of
retaining wall into the stiff soil layer, and the elastic modulus of the ground improvement layer on excavation design especially on
strut force, retaining wall deflection, and bending moment. The results show that there is high risk if only a single set of parameters
are used as input to predict the performance of the retaining system. Sensitivity analysis shall be carried out to evaluate the effects
of these parameter variations within a reasonable range on strut force, retaining wall deflection, and bending moment.

1. Introduction

Deep excavation supported by vertical retaining walls
together with the strutting system is commonly used in
Singapore for the construction of underground
infrastructure. The widely used retaining wall types in
Singapore are sheet pile, soldier pile with timber/sheet pile
lagging, contiguous bored piles (CBP), secant bored piles
(SBP), and diaphragm walls [1-4]. The excavation will
induce lateral wall deflection [5] and vertical ground surface
settlement which have negative impact on the nearby
structures [6]. According to Singapore regulation [7], the
allowable maximum wall deflection shall be less than 0.5%-
1% of the excavation depth depending on the geotechnical
condition and nearby structures.

There are four main types of geological materials in
Singapore [8]: (a) Bukit Timah granite, (b) the sedimentary
rocks [9-11], (¢) old alluvium (OA), and (d) Kallang for-
mation. The OA is about 2 to 7 million years old and extends
from southern Johor to the east of Singapore [12]. The
thickness of this formation is generally very high and has
been proved to a depth up to 195m. The OA varies in its

weathering degree from fully weathered at the top to
unweathered at the bottom. The soil profile above the OA
layer mainly consists deep deposit of soft marine clay
overlain by a layer of reclamation fill.

At some areas, it was found that the reclaimed fill had
been compacted to achieve a minimum relative density of
70% and the marine clay layer was in an over-consolidated
stage. At such areas, the retaining wall installation (sheet pile
or soldier pile) may become very difficult and pre-auger
drilling is often used to loosen the soil for the installation.
However, few scholars have systematically analysed the pre-
auger loosen effect on the retaining wall performance [13].

According to the study by Shirlaw et al. [14], the base
heave failure mode will occur when the clay with low shear
strength is below the final excavation level directly and the
retaining walls are not within the stift soil layers. Therefore,
the retaining walls are required to extend into OA formation
at the current practice in Singapore. However, the effect of
embedded length into OA on the performance of the
retaining system is not understood very well by designers. At
the same time, in order to effectively control wall movement
and associated ground movement, the ground improvement
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layer (GIW) is proposed at the base of the excavation in area
where there is a significant depth of clay below the final
excavation level [15-18]. For ground improvement in Sin-
gapore, the common practice in general is that the test
results from all the samples during the construction stage
will be higher than the design values. Most designers con-
sider that the higher strength and stiffness of the ground
improvement layer do not have any negative impact on the
retaining wall system which needs further study in detail.

A parametric sensitivity study is carried out using finite-
element modelling in the software PLAXIS 2D based on an
actual project that we were involved in. The effects of pre-
augering, embedment depth of retaining wall into OA
formation, and strength of the ground improvement layer
are studied in order to obtain an in-depth understanding of
retaining wall design for deep excavation.

2. Case Study

2.1. Background. One actual project was studied which is
located at the eastern part of Singapore. Typical soil profile
consisted of 5m to 15 m thick of sand fill, 5m to 25 m thick
of marine clay, and competent OA of varying weathering
degree. Excavation was 35 m wide and 8.5m to 16.7 m deep.
With the consideration of existing site conditions, soldier
pile wall and sheet pile lagging was proposed as temporary
retaining wall with the laced strutting system. The retaining
wall toe embedment criteria were that the soldier pile is to be
embedded 3 m into OA formation. The construction method
was bottom-up construction. According to the geology in-
formation, the excavation depth, and permanent structure,
the whole site was classified into 13 typical excavation zones.
A typical section with a depth of 10 m was studied in this
paper. There were 3 layers of steel struts with 6 m spacing
horizontally and 3 m spacing vertically. In order to effec-
tively control wall movement and associated ground
movement, a ground improvement slab of 3m thick was
proposed at the base of the excavation in area where there
was a significant depth of marine clay below the final ex-
cavation level. The ground improvement slab was installed
prior to excavation. Three rows of permanent bored piles
with 1.5m diameter piles at the centre row and 1.2m di-
ameter at the side rows were designed to support the per-
manent structure. The bored piles were at 6 m centre to
centre along the longitudinal direction and were embedded
into the OA layer. The bored piles and ground improvement
layer worked together with retaining wall and steel struts as a
robust earth retaining system. The summary of earth
retaining wall system and their structural properties used in
the analysis were shown in Table 1.

2.2. Finite-Element Modelling. The finite-element method
offers the designer an analytical tool that can simulate the
complex facets of the earth retaining structures except
unquantifiable variables such as workmanship or geological
uncertainties. It has the ability to predict both earth pres-
sures and deformations with very minimal simplifying as-
sumptions required. Both structure and soil are considered

Advances in Civil Engineering

interactively so that the effects of structural flexibility are
taken into account. The commonly used commercial soft-
ware in Singapore for finite-element modelling in geo-
technical engineering is PLAXIS.

The excavation length of this project was 469 m which is
13.4 times the excavation width. Therefore, the 2D model
was adopted based on the assumption of plane strain
condition. To simulate discontinuous wall elements, such as
soldier piles, the stiffness in the PLAXIS model was repre-
sented on a ‘unit’ length basis and the contribution of sheet
pile lagging was not considered in the analysis. The
boundary conditions were as follows.

The lower boundary has zero displacement at both the
horizontal and vertical direction. The left and right vertical
boundaries were only free at vertical direction, and the upper
boundary was free from any direction.

Because the Mohr-Coulomb model (MC) may produce
unrealistic soil behaviour [19], the hardening soil (HS)
model became more popular in deep excavation analysis in
Singapore which can generate more realistic soil response
[20, 21]. The HS model was used in this study and the soil
parameters in Table 2 were from the back analysis of similar
geotechnical conditions in Singapore [15]. Fill layer was
modelled as drained, and marine clay and old alluvium were
modelled using the undrained B method.

Several ground improvement methods can be used to
improve the properties of the soft ground such as wet
speed mixing (WSM), deep cement mixing (DCM), and
jet grouting pile (JGP). For this project, DCM was carried
out as the main ground improvement method and the 1 m
gap between DCM and the retaining wall was sealed by
JGP. Quality of the DCM and JGP was confirmed by
carrying out soil investigation boreholes and testing.
There were 4 numbers of boreholes for each 1000 cubic
meters of the treated soil. Unconfined compression tests
on the coring samples were carried out to obtain the
undrained strength Cu and elastic modulus E. The test
results show that the ratio between elastic modulus E and
undrained strength Cu mainly varies from 300 to 500
when Cu is less than 1200 kPa (Figure 1). In this project,
the design values of E and Cu are 140 MPa and 300 kPa,
respectively.

The construction sequence is modelled as follows: (1)
initial condition, (2) activate the uniform load 20 kPa for
20m length away from retaining wall at ground level of
2.5mSHD to consider the surcharge load, (3) activate
retaining wall and set ground improvement layer at the base
of the excavation and activate bored piles, (4) excavate to 1 m
below strut S1 which is at 2mSHD and install strut S1 and
apply preloading of 600 kN, (5) excavate to 1 m below strut
§2 which is at -1 mSHD and install strut S2 and apply
preloading of 1200kN, (6) excavate to 1 m below strut S3
which is at -4 mSHD and install strut S3 and apply pre-
loading of 1500 kN, and (7) excavate to final excavation level
(FEL) at —7.5mSHD. The construction of permanent
structure, removal of struts, and backfill are not presented in
this paper because the maximum wall deflection, wall
bending moment, and strut force occur during the exca-
vation stage for this project.
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TaBLE 1: Earth retaining wall system and their structural properties.

Type Size EA(KN)  EI (kNm’/m)
Retaining wall UB 762 x 267 x147kg/m @ 1.8 m c/c + hat-type sheet pile 10H — 1.97¢°
Strut S1 at level 1 2xUB 610 x 229 x 125 kg/m 6.64¢°

Strut S2 at level 2 2xUB 610 %229 x 155kg/m 8.32¢° —

Strut S3 at level 3 2xUB 610 x 229 x 195 kg/m 7.98¢° —
Bored pile at centre (30 m into OA) 1.5m diameter 2.35¢’ 3.31¢°
Bored pile at side (20 m into OA) 1.2 m diameter 1.75¢” 1.36¢°

TaBLE 2: HS soil parameters based on the back analysis of similar geotechnical conditions [15].

Soil type Model y ﬁ;\l/ POiSS?ZrS) ratio Eso,rrenfz()kN/ Eode;f )(kN/ Eur,reniz()kN/ Cref Elligjlr;lg/Cu ®() Powerm
Fill Drained 20 0.15 1000 1300 3000 0.1 25 05
lc\f:;ine Undrained 16 0.2 3740 3740 11220 18.7 0 0
OA Undrained 20 0.2 1.4¢° 1.4¢° 4.3¢° 250 0 0

Notes: Esq ., effective secant modulus (50% stress level) at confining pressure of 100 kPa; Eqe rep effective 1D compression modulus at a vertical stress of
100 kPa; Ey; e, effective unloading-reloading modulus at a confining pressure of 100 kPa; m, modulus exponent controlling the stress dependency of the

modulus.
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FIGURE 1: Relation between elastic stiffness and undrain strength of the ground improvement layer from coring samples.

The ground water level outside excavation is assumed at
the ground level, and the ground water level within exca-
vation will follow the level of each excavation stage, and the
water pressure distribution is calculated in each step using
the steady stage groundwater flow model.

The modelling area is 200 m in width and 80 m in depth,
as shown in Figure 2, which is large enough to minimize the
boundary effect on the simulation results.

To validate the numerical model, the wall deflection from
numerical simulation was compared with the in-field moni-
toring results which were obtained from inclinometer readings
(Figure 3). When the excavation level was 1 m below S2 strut,
the maximum monitoring wall deflection was 14 mm and the
maximum FE predicted wall deflection is 18 mm. These minor
differences were accepted and the numerical model can be used
for the parametric sensitivity study.

3. Parametric Sensitivity Study

3.1. Effect of Pre-Augering. At some areas, the reclaimed fill
had been compacted and the marine clay layer was in an
over-consolidated stage. And the retaining wall installation
(sheet pile or soldier pile) became very difficult, and pre-
auger drilling (Figure 4) was proposed to loosen the soil for
the installation. The effect of pre-augering on the sur-
rounding soil loosening shall be studied in detail below.
In PLAXIS 2D, active and passive earth pressures against
the retaining walls are not input explicitly but are auto-
matically generated in the program as a consequence of the
changes of stress distribution in the finite-element mesh.
Related to the wall lateral pressures, the wall adhesion is a
factor of the soil strength and is defined in the model using
Rinter. For clay, the suggested Rinter is 0.5 to account for
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FIGUre 2: FEM mesh used in PLAXIS analysis.
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FIGURE 3: Observed and predicted wall deflection (excavation 1 m below strut S2).

high wall-soil slip compared to sands, where Rinter is
generally taken as 0.67 [22]. In order to consider the
loosening effect of pre-auger, a new reduction k with range
between 0 and 1 is used and the overall wall adhesion is
kx Rinter. The lower bound value of k=0 means there is
practically no friction between the retaining walls which is
the extreme condition of pre-auger [13], and the upper
bound value of k=1 means there is no loosening effect of
pre-auger.

To evaluate the effects of pre-auguring on the retaining
wall system, five cases with different k values were simulated.
In cases 1-5, the k values were 1, 0.8, 0.6, 0.4, and 0.2,
respectively. Figure 5 shows the relations of between dif-
ferent k values and wall deflection when the excavation
reaches the final excavation level. Figure 5 illustrates that the
soft marine clay below the final excavation level cannot
provide sufficient horizontal restraint of the retaining wall,
and the maximum wall deflection usually occurs below the
final excavation level and the maximum wall deflection
increases as k value decreases. The maximum wall deflection
only increases from 50 mm to 55 mm when k value decreases

from 1 to 0.4. However, the maximum wall deflection
increases abruptly from 55mm to 68 mm when k value
decreases from 0.4 to 0.2. Figure 6 presents the relations
between different k values and the wall bending moment,
and the similar trend demonstrates that the maximum
bending moment increases from 388 kNm/m to 343 kNm/m
and from 343 KNm/m to 488 KNm/m when k value decreases
from 1 to 0.4 and from 0.4 to 0.2, respectively. Clearly, the
pre-auger loosening effect only has considerable effect when
the wall adhesion is very low. The pre-augering effect on the
maximum strut force is also studied, as shown in Figure 7,
and it indicates that there is insignificant impact on the strut
force.

Therefore, the pre-augering loosening effect on the
retaining wall is not significant if the wall adhesion does not
reduce too much. In order to minimize the pre-augering
effect, the pre-auger should be carried out on the excavation
side of the retaining wall and before the ground improve-
ment work so that the subsequent ground improvement
work would almost cancel the effect of pre-augering. At the
same time, the auger flights were rotated into the ground in
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FIGURE 4: Pre-auguring process to loosen soil for retaining wall
installation.
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FiGure 5: The relations between pre-augering loosening effect and
wall deflections at the excavation to the FEL stage.

one direction and removed from the ground by rotating in a
counter direction leaving the sheared soil in place in the
ground.

3.2. Effect of Retaining Wall Embedded Length. To evaluate
the effects of the wall embedded depth in OA on retaining
wall system, six cases with different wall embedded lengths
into OA (-1, 0, 1, 2, 3, 4, and 5 m) were simulated. As shown
in Figure 8, the wall deflection above the soffit of the ground
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FIGURE 6: The relations between pre-augering loosening effect and
wall bending moment at the excavation to the FEL stage.
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FIGURE 7: The relations between pre-augering loosening effect and
the maximum strut forces.

improvement layer was almost identical. However, the wall
deflection at the retaining toe reduced from 38 mm to 0 mm
when the embedded length increased from —1m to 1m.
Figure 9 illustrates the effect of embedded length into OA on
the wall bending moment envelop for the whole excavation
process. The bending moments within the marine clay and
the OA layer increased as the embedded length into OA
increased and the bending moment above the soffit of the
ground improvement layer was unaffected. Therefore, the
increase of embedded length into OA only has impact on the
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FIGURE 9: The effect of retaining wall embedded length into OA on wall bending moment.

retaining wall below the soffit of the ground improvement
layers. Although the bending moment increases at some
locations below the soffit of the ground improvement layer,
it still is less than the maximum bending moment which is
above the final elevation level except the case with the
embedded length of 5m. Therefore, the retaining wall
section does not need to be increased for most cases.

On the contrary, when the embedded length was increased,
the bending and tension forces of the bored pile were reduced.
However, the effect became minor when the embedded length
was larger than 3 m, as illustrated in Figures 10-12.

In brief, if a retaining system includes a ground im-
provement layer, the retaining wall can be embedded 2-3 m
into the stiff soil layer, and extra depth will not reduce the
wall deflection and bored pile forces.

3.3. Effect of Ground Improvement Layer. The ground im-
provement layer was modelled as the Mohr—Coulomb model
(undrained B). The elastic modulus Eu varied from 120 to
600 MPa, as listed in Table 3. The wall deflection and the bending
moment are shown in Figures 13-15 for different Eu values.
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FiGure 10: The effect of retaining wall embedded length into OA on bending moment of bore pile at side.
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TaBLE 3: Ground improvement layer parameters.

Case Model y (kN/m?) Poisson’s ratio (v,,) Eu (MPa) Cu (kPa)
Case 1 0.3 120 300
Case 2 0.3 240 600
Case 3 Mohr-Coulomb 16 0.3 360 900
Case 4 0.3 480 1200
Case 5 0.3 600 1500

‘Wall Elevation (mSHD)
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FIGURE 13: The effect of ground improvement Eu on wall deflection.
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FIGURE 14: The effect of ground improvement Eu on wall bending moment.
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Clearly, the elastic modulus of the ground improve-
ment layer had a significant impact on the support system.
When the elastic modulus increased, the wall deflection
decreased rapidly, as shown in Figure 13. The wall bending
moment at the ground improvement layer increased as Eu
increased and the wall bending moment at other area
decreased, as illustrated in Figures 14 and 15. Therefore, it
is reccommended that the design of retaining wall with the
ground improvement layer should consider both the lower
and upper bound of Eu at the ground improvement layer
because the wall may be under designed. The effect of Eu on

the strut forces was demonstrated in Figure 16, and it
showed that the strut force near the ground improvement
layer had more reduction compared with the struts at the
shallower level.

The horizontal compressive stress of the ground im-
provement layer at the retaining wall interface area is shown
in Figure 17. The maximum compressive stress located at the
top part of the ground improvement layer which indicated
that the possible failure model would start from that zone.
Therefore, more attention should be paid to test results of the
samples from the top of the coring.
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4. Conclusions

Based on a series of numerical simulations for an actual
project in Singapore, the key findings are listed as below:

(1) The pre-auger will loosen the surrounding soil of the
retaining wall and the wall deflection, and bending
moments increase as the wall adhesion reduces.
However, the pre-augering loosening effect on the
retaining wall is not significant if the wall adhesion
does not reduce too much.

(2) The retaining wall-embedded length into OA has
contribution to reduce the wall toe movement and
has positive impact to reduce the forces on the bored
piles. Therefore, soldier pile walls are recommended
to be 2-3m within the OA layer.

(3) The retaining wall bending moment at the ground
improvement layer increases and the forces in struts
located below the ground improvement layer de-
creases as elastic modulus of the ground improve-
ment layer increases.

(4) Based on the above parametric sensitivity analysis,
there is high risk if only a single set of parameters are
used as input to predict the performance of the
retaining system. Sensitivity analysis shall be carried
out to evaluate the effects of these parameter vari-
ations within a reasonable range on strut force,
retaining wall deflection, and bending moment.

Data Availability

The data used to support the findings of the study are
available from the corresponding author upon reasonable
request.
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