INTERNATIONAL SOCIETY FOR
SOIL MECHANICS AND
GEOTECHNICAL ENGINEERING

This paper was downloaded from the Online Library of
the International Society for Soil Mechanics and
Geotechnical Engineering (ISSMGE). The library is
available here:
https://www.issmge.org/publications/online-library
This is an open-access database that archives thousands
of papers published under the Auspices of the ISSMGE and
maintained by the Innovation and Development
Committee of ISSMGE.

Geotechnical Aspects of Underground Construction in Soft Ground – Ng, Huang & Liu (eds)
© 2009 Taylor & Francis Group, London, ISBN 978-0-415-48475-6

The benefits of hybrid ground treatment in significantly reducing wall
movement: A Singapore case history
N.H. Osborne, C.C. Ng & C.K. Cheah
Land Transport Authority, Singapore

ABSTRACT: The first major use of hybrid ground treatment, Jet Mechanical Mixing (JMM), in Singapore,
was in the construction of the new Nicoll Highway Station (NCH) for the Circle Line Project (CCLP). This
system played a major role in the success of the project. The retaining wall design was a 1.5 m thick diaphragm
wall to provide support of the ground during the station construction and also as the permanent walls of the
station. The proposed construction scheme is that of top-down with the use of a 7 m thick JMM below the base
slab level, which comprises a large diameter deep soil mixing method comprising a central core combined with a
jet-grouted outer circumference to form a large diameter of improved soil mass. This paper aims to demonstrate
the effectiveness of the excavation support system and benefits of JMM in reducing wall movement of deep
excavation in soft ground with 35 m thick of Marine Clay.

1
1.1

INTRODUCTION

1.2 Ground condition

Background

The construction works for the original Nicoll Highway Station (NCH) on the Circle Line Project (CCLP)
was halted when a collapse of the cut and cover tunnels
leading to the station occurred in April 2004. Following the collapse, several options were studied for the
recommencement of the works. The option to realign
part of the project to avoid the collapsed site was
eventually adopted. As a consequence of this realignment, NCH was relocated approximately 100 m to the
south, as shown in Figure 1, with the station design
and excavation restarting afresh.

Figure 1. Tunnel Alignment Drawing.

At NCH, the ground consists of man-made fill, fluvial
sands, fluvial clay and the Marine Clay of the Kallang
formation, underlain by the Old Alluvium, as shown
in Figure 2. The thickness of the fill is typically 3 to
6 meters. Underlying the fill is a layer of fluvial sand.
Beneath this, it is the very soft to soft Marine Clay. The
thickness of the sand layer is 3 to 7 m. The depth of the
Marine Clay varies from 30 m to 40 m below ground
level.
Locally, the Marine Clay is separated by a layer
of laterally discontinuous fluvial deposits. The fluvial
sands found at NCH are typically described as loose
to medium dense gray sands or silty sands. The properties of the fluvial sands are described by Chu, et al.
(2000). The properties of the Singapore Marine Clay
and problems associated with it from a tunnelling and
deep excavations perspective have been well established in Singapore; see Tan (1972), Shirlaw & Copsey
(1987), Chang (1991) and Tanaka et al (2001), and
generally relate to its softness. The Marine Clay is
normally consolidated or slightly over-consolidated,
with a undrained shear strength (Cu) starting at about
20 kPa and increasing slowly with depth. The compression index is typically in the range of 0.6 to 1.0.
The permeability is low and is in the order of 10−9 to
10−10 m/s. The Old Alluvium is typically described as
sandy silt or clayey silt. At depth the material is generally found to have some cementation. However much
of the cementation has been lost due to weathering at
shallow depth. The permeability of the Old Alluvium
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Figure 2. Ground conditions at the new NCH Station.

Figure 4(a). JMM Machine.

Figure 4(b). Schematic diagram of the drilling rod showing
the mixing arm of the JMM machine.
Figure 3. Typical cross section of NCH Station.

depends on weathering and grain size distribution. It
typically ranges between 10−6 to 10−9 m/s.
1.3 Section details
The new NCH was designed as a top down structure
with a 1.5 m thick permanent diaphragm wall anchored
into the Old Alluvium strata. Toe level is at 60 m below
ground level. This also reduces the need for temporary
struts as the permanent concrete roof and concourse
slabs are constructed during excavation. The excavation depth is 20 m below ground level and the width
of excavation is 24 m. The cross section of the station
box is shown in Figure 3.
1.4 Hybrid type of ground treatment
Ground treatment underneath the base of the station is
often used to limit the wall deflection, act as a working platform and prevent uplifting of these soft clayey

soils. The application of ground treatment such as jet
grout piles (JGP) for deep excavations in Marine Clay
in Singapore has been presented by Page et al. (2006).
For this project, the ground treatment option was Jet
Mechanical Mixing (JMM), a hybrid of jet grouting
and deep soil mixing. A proprietary name, RASJET
is given to it by the specialist contractor from Japan,
Raito Kogyo. This was the first time such a system had
been used in large scale in Singapore.
JMM is a combination of soil mixing and jet grouting that produces overlapping columns with an internal
column of mixed soil by the auger and an external
column created by a slurry jet into the in-situ soil.
The process of forming the columns is similar to the
method of forming JGP columns with the addition of
dual and counter rotation mixing blades on the drill
rod to ensure intensive soil mixing. Figures 4(a) & (b)
show the JMM machines, the drilling rod and the mixing arm of the machine. The rod/auger had a large
diameter of 457 mm as compared to the traditional
JGP rod of 200 mm. The high stiffness of the drill
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ensure that a high level of quality control. It should
be noted that a further benefit is gained during the
withdrawal the auger after completing the JMM slab.
As the auger is withdrawn, lower quantities of cement
are added and the ground is mixed. This creates a 1.6 m
diameter treated column all the way to the surface, as
shown in Figure 6. Consequently the strength of the
soil above the treated ground is significantly enhanced.

2
Figure 5. Typical layout of the JMM columns.

2.1

INITIAL DESIGN OF NCH STATION
TEMPORARY WORKS
Initial design assumption

The initial design of NCH was carried out using moderately conservative parameters for the original ground
and JMM. A conservative approach was adopted for
the initial design and therefore no additional strength
attributed to the soil cement mix above the JMM
layer was considered. The Undrained Shear Strength
(Cu) and Young’s Modulus (E) of the JMM layer was
assumed to be 300 kPa and 90 MPa respectively, based
upon traditional design parameters used for jet grouting in Singapore. Table 1 shows the parameters of the
ground and JMM used in the initial design.
2.2

Figure 6. Columns created during withdrawal.

rod contributes to a more accurate drilling verticality. Combined with the rod were the mixing blades
which created an inner mechanical soil mixing column
of 1.6 m diameter. A jet grout nozzle on the mixing
blade introduces cement slurry mix with pressurized
air into the soil and adds a further 0.6 m of jet grouting around the soil mixing column, creating a 2.8 m
column within the ground. These columns are then
designed with appropriate overlap to provide a full coverage of the treated areas. Figure 5 shows the layout
of the mechanical mixing part and jet grouting part of
the JMM column.
There are numerous advantages to this system (Page
et al. 2006 & Ueda et al. 2007), principally the benefits of mixing and grouting are experienced. From
the mechanical soil mixing, a known treated area is
assured and from the jet grouting, a sizeable overlap and penetration into any shadow areas close to the
retaining system is achieved.
To install a JMM column, the auger is first drilled to
the base level of the JMM column with water injection,
and withdrawn to the top level of the JMM column
with mechanical mixing without any injection. It then
descends with slurry injection and mechanical mixing
to form the internal soil mixing column up to base
level. After which, it ascends with jetting to form the
external jet grouting perimeter. The whole process is
automated and monitored real time by data loggers to

Geotechnical analysis

The geotechnical analysis of the excavation sequence
was done using a two-dimensional analysis of deformation and stability with PLAXIS (Version 8), a
geotechnical finite element program. The non-linear
and stress-dependent stress-strain properties of the
soils are modeled as elastic perfectly plastic using the
Mohr Coulomb model. The undrained behaviour of
clays and cohesive materials is simulated in PLAXIS
using Mohr-Coulomb soil model in terms of effective
stresses with undrained strength parameters (commonly known as Method B in Singapore). This was
done by specifying the effective Young’s Modulus (E′ )
and Poisson ratio (ν′ ) with Cu under undrained setting. In this method of analysis, the Cu of the clays
and cohesive materials were capped at the input values given by the user. The input soil parameters were
based on the moderately conservative values shown in
Table 1.
Figure 7 shows the cross section of temporary works
for the excavation. The 1 m and 1.8 m diameter bored
piles were modeled as a fixed-end anchor with horizontal spacing of 12.325 m centre to centre to avoid
possible ill effect of soil-beam interaction in a 2-D
plane strain analysis. The equivalent length of the
anchor is taken as half the pile penetration length,
which is 16 m. Temporary steel plunge-in column is
modeled using the node-to-node anchor to simulate
the behavior of an axially loaded member to avoid possible ill effect of soil-beam interaction. Though large
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Table 1. Soil parameters and strength of treated soil used in the initial design.

Stratum

Standard
penetration Bulk
test
density,
SPT − N
γ (kN/m3 )

Undrained
shear
strength,
Cu (kN/m2 )

Drained
shear
Friction
strain,
angle,
′
2
′ ◦
C (kN/m ) ( )

Fill
M

6±4
0∼1

19.0
16.0

0
0

30
22

F2

11 ± 5

19.0

0

22

F1
E

11 ± 7
0∼4

20.0
15.0

25
Design: 15 (0 to 10 m)
Worst Credible: 13 (0 to 10)
Design: 15 + 1.2 (z − 10)
Worst Credible: 13 + 1.1
(z − 10)
20 (0 to 10 m)
20 + 1.14 (z − 10)
0
15 (0 to 10 m)
15 + 1.2 (z − 10)

OA(W) N < 30

25

20.0

OA(SW-2)
35 ± 6
30 < N < 50
OA(SW-1)
70 ± 13
30 < N < 100
OA(CZ) N > 100 >100
JMM

0
0

20.0

Sandy: 0
Clayey: 10
Design: 5 N (max. 500 kPa) Sandy: 5
Worst Credible: 3 N
Clayey: 20
10

20.0
16

300

20.0

25

Elastic
modulus,
E (kN/m2 )
10000
Design: 300 Cu
Worst Credible:
200 Cu

Design: 300 Cu
Worst Credible: 200 Cu
30
1500 N
18
Design: 300 Cu
Worst Credible: 200 Cu
Sandy: 32 Design: 2000 N
Clayey: 25 Worst Credible: 1000 N
Sandy: 32
Clayey: 25
30
32
90000

Figure 7. Cross section of temporary works design.

voids are present at concourse level at reduced level of
90.92 m, the diaphragm wall panels are supported by
the concourse slab abutting the diaphragm wall acting
in-plane as a waler beam. This waler beam support is
modeled as a fixed-end anchor in lateral direction.
As shown in Figure 7, there were 2 layers of temporary steel struts above the permanent roof slab during

the excavation. The first and second layers of struts
(S1 & S2) were H-beam of size 414 × 405 × 232 at
spacing of 5.7 m. The first and second layers of struts
were installed at reduced levels of 102 m (1 m below
the ground level) and 99.87 m respectively. The struts
were modeled in the program as fixed end anchors
with effective length of 12 m, which is half of the strut
length between the two diaphragm walls support. The
pre-stressing on the struts was typically 50% of the
design strut load.
On comparing the predicted finite element model
and the actual maximum wall deflections measured
by in place inclinometers, a very significant difference of 60 mm of movement is observed. A maximum
measured deflection of 25 mm compared to a predicted 85 mm wall deflection is observed, as shown
in Figure 8. This is a very notable discrepancy. This
difference rapidly became apparent as the excavation progressed. Although it was evident that much
of this disparity could be attributed to the JMM, as
suggested by the strength and stiffness results from
the site testing of the JMM, back analysis was undertaken to quantify these differences. Although a change
in deflection from 0 mm to 20 mm was observed
over 5 m length of the diaphragm wall, no visible
crack was observed. The deflection of diaphragm
wall could be less. This could be due to an inherent problem of the inclinometer installed in steel
pipes in the diaphragm wall with cement bentonite
backfill.
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Figure 9. Comparison of JMM strength used for initial
design and actual values from test data.

Figure 8. Predicted wall deflection of the original design
and the measured all deflection.
Figure 10. Comparison of JMM stiffness used for initial
design and actual values from test data.

3 ACTUAL STRENGTH PARAMETERS FOR
JMM AND SOIL CEMENT MIX ABOVE
3.1

JMM strength parameters

Post installation and prior to the commencement of
excavation, an extensive quality check on the strength
parameters of the JMM layer as well as the soil cement
mix above was carried out. Figure 9 shows the summary of the analysis of the test results from the 7 m
thick layer directly beneath the base slab. It shows
the comparison between the average strength of the
JMM layer and the parameters assumed in the original design. Also included is a strength factored by
a mass correction factor to account for any variation
caused during the construction process, for use later
in further analysis (refer to Section 4.1 for details
of correction factor). The average strength, Cu, of
the JMM layer is about 1845 kPa, with very consistent strengths achieved in the samples tested, ranging
from a lowest of 1150 kPa to the highest of 2370 kPa.
The average strength is more than five times higher
than that originally assumed value of 300 kPa in the
design.
3.2

Figure 11. Average parameters of JMM and Soil Mixing
above.

Soil cement mix strength parameters

Similar findings are experienced on analysing the
results from the stiffness testing, Figure 10 shows the
comparison of the stiffness of JMM from test results,
the original design value and the factored value taking
into account the mass correction factor. The average
stiffness of the JMM from test results is 572 MPa,

with a lower bound of 400 MPa and an upper bound of
700 MPa. Again the tested average stiffness is significantly higher than the 90 MPa assumed in the original
design. The various strength of the treated ground
with JMM and soil cement mix above the JMM is
summarized in Figure 11.
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4

BACK ANALYSIS

4.2 Interpretation of the back analysis results

4.1 Accounting for better strength parameters
As it was evident in the early stages of the excavation that the retaining wall performance, in terms of
movement, was appreciably better than that design
prediction. The review of the JMM test results suggested that they were the most plausible reason for the
reduced movement. Back analysis of the performance
was undertaken for two main objectives: (i) to model
the performance of the cofferdam with the JMM modeled more accurately; (ii) to justify the omission of the
third temporary strut, which was originally proposed
between the concourse and base slab. In principal, the
analysis was first done through modifying the initial
finite element model using most probable parameters
to match the actual wall deflection and strut load of the
second stage of excavation. It was refined thereafter as
the excavation proceeds. At the time of the back analysis, the second stage of excavation was the current
excavation progress.
The most probable parameters include the most
probable soil parameters, JMM parameters and the
improved parameters of the soil mixing columns above
the JMM. The most likely parameters for 7 m thick
JMM slab and the soil mixing column above the JMM
slab were based on the actual core tests results multiplied by a factor (0.725), which coincides with most
probable or mean mass correction factor for the JMM.
The correction factor is applied to account for the
potential non-uniformity of the ground treatment. This
correction factor is derived from the estimated coefficient based on the square of the ratio of seismic
wave velocity, obtained from cross hole seismic testing (Vsf), to the seismic wave velocity obtained from
laboratory Ultrasonic test (Vsc), i.e.

The results from the various back analysis are summarized in Figure 12. The wall deflection from the
back analysis (Analysis 1) using the most probable
parameters at second stage excavation, with the mass
correction, is able to reasonably match the reading of
the in wall inclinometers at the same stage. This is
supported by the fact that the reading of strut force
at first level strut is quite similar to the strut force
obtained from back analysis. However, the wall deflection obtained from the Analysis 2 using unfactored
parameters gives a much closer match to the actual wall
movements. This suggests that the quality, strength and
stiffness of the JMM are consistent throughout the
entire JMM slab and no correction factor is needed
to be applied.

5

CONCLUSIONS

This case history demonstrates that JMM, if properly
installed, has major benefits in controlling the stability and movements induced by deep excavations in
soft ground. The reasons can be attributed to the fact
that the inner soil column is comprehensively mixed,
combined with the attributes of the outer jet grouted
column with sufficient overlapping.The whole process
undergoes tight quality control and rigorous testing to
ensure a continuous and comprehensive slab. In addition to the JMM slab, there is the major benefit of

Correction Factor = (Vsf/Vsc)2
The results of the wave velocities (Vsf and Vsc) and
the rational of deriving the correction factor from the
wave velocities is outlined in a paper by Ueda et al.
2007. Based on these parameters, back analysis was
carried out to match the actual wall deflection and strut
forces, as close as possible, up to second stage excavation. Table 2 shows the most probable parameters for
the JMM and soil above the JMM.

Figure 12. Wall deflection for the back analyses

Table 2. Most probable JMM parameters for back analysis.

Most probable JMM parameters
(Correction Factor = 0.725)

Most probable parameters for soil cement
mix above the JMM (Correction Factor = 0.725)
94.6 m < RL < 102.5 m(GL)
81.3 m < RL < 94.6 m

Cu′ (kPa)
E50 (MPa)

0.725 × 178 = 129
0.725 × 24 = 18

0.725 × 1845 = 1337.6
0.725 × 572.1 = 414.8
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0.725 × 339 = 245.8
0.725 × 44 = 31.9

the discrete soil mixing columns formed during the
withdrawal of the auger.
Based on the limited usage to date it is difficult
to suggest what parameters should be used for future
design. However it is clear that the key is in the
quality control of the process in ensuring a total and
uniform treatment. With today’s engineering sophistication, this can be achieved. The strength, stiffness
and quality of the JMM is significantly higher than jet
grouting, but the choice of actual design parameters to
be used is complex. It is recommended that they should
be determined on a case by case basis with local trials
specific to the ground conditions, but considering the
strengths and stiffness already achieved. The benefits
of JMM should not be ignored and this technique will
be a future benefit to the industry in controlling ground
movements.
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