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ABSTRACT
A unique first-of-its-kind “Trouser Leg” diaphragm wall panel was constructed in one of the past
Singapore underground tunnel contracts. The tunnel was supported by 2.8m wide barrettes (long
diaphragm wall panels) at 12m intervals and socketed into the hard stratum of Fort Canning Boulder
Bed (FCBB) while the intermediate short diaphragm wall panels floated in soft marine clays. The short
panels were supported horizontally by a continuous 4m thick jet grouted slab below the tunnel base.
The detailed analyses of these complex long and short diaphragm wall panels were initially carried out
using FEM Plaxis 2D version 8.6. Two different cross-sections were examined, one representing the
short panels, and the other the long panels. This paper describes how the separate analyses were
carried out for the short and long panels. Field measurements are compared with the analyses in
order to examine the performance of the walls and review the two models. It also aims to address the
validity of the simplifying assumptions in the 2D models by comparing it with a 3D model of the long
and short diaphragm wall panels with Plaxis 3D Foundation version 2.2. The 2D results are found to
be in good agreement with the 3D results in various aspects. A parametric study was further
conducted to review the effects of 3D long panel spacing to determine the conditions under which a
2D model would be significantly different from the 3D model. It is found that the complex long and
short wall panels can be modelled in 2D models to simulate a full 3D model with simplifying
assumptions.
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1

INTRODUCTION

The conventional method of designing long diaphragm wall panels has been widely used in Singapore
underground cut and cover tunnels. The paper aims to share one optimum solution found in using long
and short diaphragm wall panels as a unique first-of-its-kind “Trouser Leg” diaphragm wall panel
constructed in Singapore soft marine clay. The tunnel was supported by 2.8m wide barrettes (long
diaphragm wall panels) at 12m intervals and socketed into the hard stratum of the Fort Canning
Boulder Bed (FCBB) while the intermediate short diaphragm wall panels floated in soft marine clays.
The long and short diaphragm wall panels are rigidly connected by a continuous capping beam at the
top and by the roof and base slab using a top down construction method for excavation works. The
short panels were supported horizontally by a continuous 4m thick jet grouted slab below the tunnel
base. The detailed analyses of these complex long and short diaphragm wall panels were initially
carried out using FEM Plaxis 2D version 8.6 in early 2008. Two different cross-sections were
examined, one representing the short panels, and the other the long panels. This paper aims to review
the original analyses with a more complete analysis using Plaxis 3D Foundation version 2.2 without
the simplifying assumptions made in 2D models.

2
2.1

PLAXIS 2D & 3D MODELS
Tunnel Layout and Geological Profile used for the Analysis

A part print of the tunnel layout plan showing the North and South Wall with the indication long
diaphragm wall panels (barrettes) as shaded is shown in Figure 1. The isometric view of “trouser leg”
diaphragm wall panels (barrettes/long panels) and short panels is as shown in Figure 2.
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North Wall

South Wall

Figure 1. Part print of tunnel layout plan and the
inclinometers’ reference on long panels (shaded)
and short panels for monitoring wall deflections

Figure 2. Isometric view of “trouser leg”
diaphragm wall panels (barrettes/long panels)
and short panels; x=18m and 24m are for
parametric study

The interpreted geological cross section for this particular tunnel section is as shown below in Table 1
and Figure 3.
Table 1: Geological Profile Used for Analysis
North Wall
Material
Top of
Type
Strata
(mRL)
Fill
102.00
Upper
95.50
Marine
Clay
(UMC)
Estuarine,
75.00
(Es)
Lower
Marine
Clay
(LMC)
Fluvial
Clay (F2)
Fort
Canning
Boulder
Bed
(FCBB)

72.00

67.00
61.50

North Wall

South Wall
Material
Top of
Type
Strata
(mRL)
Fill
102.00
Upper
95.50
Marine
Clay
(UMC)
Fluvial
75.50
Sand
(F1)
Lower
73.00
Marine
Clay
(LMC)
Fluvial
66.50
Clay (F2)
Fluvial
65.00
Sand
(F1)

Fort
Canning
Boulder
Bed
(FCBB)

South Wall

63.80

Figure 3. Typical tunnel section analysed
2.2

Geotechnical Parameters

The geotechnical parameters used in the analysis are the moderately conservative values. The
analyses using the worst credible parameters were carried out in the original design but are not
included in this paper.
2.3

Calculation Method for 2D and 3D models

The analysis of retaining walls has been performed using the Plaxis finite element program with a
Mohr Coulomb material model for 2D and 3D models. To model the undrained soil behaviour, Method
“B” (COI, 2004) is used here which is based on effective stresses, but allows total stress (undrained)
parameters for materials of low permeability to be specified such that no increase in shear strength is
achieved due to consolidation. A surcharge of 20kPa has been considered for a width of 20m at either
side of the excavation to reflect the site conditions.
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Table 2: Geotechnical Parameters adopted
Saturated
Unit
Stratum / (Drainage
Weight
type)
sat
(kN/m3)
(kN/m3)

Fill (Drained)
Marine Clay Upper
(Undrained)
Lower

Coefficient
of Earth
Pressure at
Rest
K0

Reference
Level
(mRL)
for z*

Undrained
Shear
Strength
cu
(kPa)

Effective
Friction
Angle
’ (°)

Effective
Cohesion c’
(kPa)

Drained
Young’s
Modulus, E’
(kPa)

Drained
Poisson’s
Ratio, 

0.5

(mRL)

-

30

0

10000

0.25

0.7

96.0

16 + 1.32z

22

0

5333 + 440z

0.25

11
17

Estuarine (Es)
(Undrained)

15

0.7

100.5

10 + 1.32z

22

0

1667 + 220z

0.25

Fluvial Sand (F1)
(Drained)

19

0.5

96.0

N/A

32

0

10000 +
1000z

0.25

Fluvial Clay (F2)
(Undrained)

19

0.7

92.0

20 + 2z

24

0

6667 + 667z

0.25

Fort Canning
Boulder Bed
(Undrained)

22

1.0

-

250

30

10

291,667

0.25

Jet Grouted Slab
(Undrained)

17

-

89.4

300

0

0

125,000

0.25

*z is the depth from the various adopted reference level for which stiffness and strength of soils are
increasing with depth
2.4

Retaining Wall Section Properties & 2D and 3D Modelling

In Plaxis 2D models, properties of the retaining walls are as shown in Table 3. 0.8m thick diaphragm
walls were used for the tunnel. The tunnel section consists of short continuous diaphragm wall panels
with long panels extending to the FCBB at an interval of 12.0m. The embedded depth of the short
panel diaphragm walls between the long panels is 4.5m below formation level to provide 0.5m below
the base of the jet grouted slab. The bending stiffness of diaphragm walls is taken as 70% of the full
section stiffness to allow for cracking in accordance with the recommendations of CIRIA Report C580.
Similarly, 70% of the full section stiffness is adopted in Plaxis 3D Foundation models for the
2
comparison of results. Young’s modulus E adopted is 28E6 kN/m for the characteristic strength of
concrete used.
For the tunnel sections, a 2.8m wide x 0.8m thick long diaphragm wall panel would be installed at
12.0m spacing with 2m embedment below the FCBB. The diaphragm wall is therefore modelled in two
methods to obtain the range of behaviour of the wall as follows:
 Model I – short diaphragm wall panels (full stiffness) with 4m jet grouted slab as top section
with long panels below the jet grouted slab modelled using the anchor element with equivalent
smeared stiffness to allow for the 12.0m spacing. This model represents the behaviour of the
tunnel section at the short panel sections. The use of an anchor element in Model I allows the
full uplift pressure to be applied to the base of the jet grouted slab to confirm the base stability
calculations.
 Model II – short diaphragm wall panels (full stiffness) with 4m jet grouted slab as top section
with long panels below the jet grouted slab modelled with the plate element with equivalent
smeared stiffness. This model represents the behaviour at the long panel sections.
Table 3: Diaphragm wall properties for Tunnel Section Model I and Model II respectively
2
Model I:
EA per m (kN/m)
Cracked EI per m (kNm /m)
Diaphragm Wall top panel (0.8m 2.24E+07
8.36E+05
thick)
Diaphragm Wall bottom panel 5.227E+06
(anchor)
Model II:
Diaphragm Wall top panel (0.8m 2.24E+07
8.36E+05
thick)
Diaphragm Wall bottom panel 5.227E+06
1.95E+05
(0.8m thick plate element at
12.0m spacing)
In Plaxis 3D Foundation modelling, the thickness of the diaphragm wall has been fixed at 0.8m thick in
geometry. To achieve the 70% of full
section stiffness, the reduced E has been used at 19.59E6
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instead of 28.0E6 to achieve the cracked EI effect. The geological profile for the 2D model as shown in
Figure 3 applies to the full 3D model as shown in Figure 4:

Figure 4. Plaxis 3D Foundation model shown for the geological profile similar to Plaxis 2D model, and
the structural geometry (12m long panel spacing) in the analyses with 20kPa surcharge at the ground
level and jet grouted slab below the formation level.
2.5

Comparison of Results on Plaxis 2D and 3D models

A series of results from Figures 5 to 8 for wall movement and bending moments only have been
plotted for comparison for the short panel and long panel modelled using Model I and II respectively in
Plaxis 2D, and also for the Plaxis 3D Foundation model. Shear forces diagrams were omitted due to
paper constraint on the number of pages. The results are for the excavation to formation level where
the critical stage is expected, and compared with inclinometer readings on lateral wall movement.

Figure 5. 2D (Model I) and 3D Short Panel lateral wall movement for North Wall (LHS) and South Wall
(RHS) as compared with inclinometer readings, IW2501 and IW3602.
From the figures shown, one can notice that the results for the 2D model are quite comparable with
the 3D model results. Generally, the 2D model for the Short Panel and Long Panel show larger wall
movements than those of the 3D model. The full 3D model here is considered as the basis for
comparison since it involves less simplifying assumptions than the 2D model. The bending moments
do not show significant difference in magnitude in 2D and 3D models for Short and Long Panels.
Table 4 summarises the comparison of maximum wall movement and bending moments.
Table 4: Summary of comparison of results of Short and Long Panels in 3D and 2D models
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Figure 6. 2D (Model I) and 3D Short Panel bending moment diagrams

Figure 7. 2D (Model II) and 3D Long Panel lateral wall movement for North Wall (LHS) and South Wall
(RHS) as compared with inclinometer readings IW2307 and IW2502, IW3601 and IW3603

Figure 8. 2D (Model II) and 3D Long Panel bending moment diagrams
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There is an apparent difference in the bending moment diagrams at the top of the wall due to the use
of a plate element in the 3D model to simulate the decking strut to both sides of the wall, whereas 2
fixed end anchors to the walls at opposite directions were used in 2D model at a slightly different level,
one for concrete deck, another one for steel deck.
At the location of the jet grouted slab, there is a significant reduction of wall movement. It indicates the
effectiveness of such improved soil layer in restraining lateral wall movements. However, the
measured wall movement is smaller than what was predicted in the analyses particularly for the North
Wall. This suggests that the actual properties of the jet grouted slab for this project are better than the
design inputs. Further review of the stiffness and strength of jet grouted slab used will help to improve
the results. An attempt can also be made to improve the results with a back analysis to include a small
volumetric strain in the numerical model to simulate the construction effect of the jet grouted slab to
the walls at the pre-excavation stage.
It is to be noted that anchor elements in 2D Model I play an important role to ensure the simulation of
short panel walls behave as expected in the top down construction adopted. Otherwise, there will be
large upward movement of short panel walls in analysis without anchor elements in which it would not
be expected on site with the use of capping beams to assist in holding down the short panels by
means of barrettes/long panel diaphragm walls socketed in FCBB, in addition to the shear resistance
between the long and short panel joints.
2.6

A Parametric Study on Plaxis 3D Model

An attempt has been made to check on the effect of having a larger spacing of long panels from the
original 12m spacing. The results for the 18m spacing and 24m spacing of long panels are shown
below, as compared with the original 12m spacing. (Figures 9 to 12). Apparently, there is no great
difference between the magnitude of results in wall movement and bending moments for short and
long panels. This affirms that the complex long and short diaphragm wall panels are close to a 2D
problem with plane strain conditions.
3.

CONCLUSIONS

Complex short and long diaphragm wall panels for a tunnel box can be modelled in 2D analyses with
two different models, one with anchor elements to hold down the short panel walls, and another one
with plate elements to simulate long panel walls. Also, the spacing of long panel walls does not
significantly affect the results of the wall movements and bending moments. This affirms that the
complex short and long diaphragm wall panels are close to a 2D problem with plane strain conditions.

Figure 9. North Wall (LHS) and South Wall (RHS): Lateral wall movement for Short Panels where
Long Panels are spaced at 12m, 18m and 24m
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Figure 10. Bending moment diagrams for Short Panels where Long Panels are spaced at 12m, 18m
and 24m

Figure 11. North Wall (LHS) and South Wall (RHS): Lateral wall movement for long panels at 12m,
18m and 24m spacing shown together with inclinometer results

Figure 12. Bending moment diagrams for long panels at 12m, 18m and 24m spacing
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