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ABSTRACT: Ground improvement methods such as Deep Soil Mixing (DSM) and Jet Grouting Piles 
(JGP), are widely used to stabilize soft soils in underground construction. However, DSM and JGP con-
struction processes themselves cause movements and pore water pressure changes in the adjacent ground, 
and can potentially impact adjacent structures. To mitigate these detrimental effects, the mechanisms of 
ground movements during DSM and JGP processes need to be well understood and controlled during 
construction. This paper summarizes data from a deep excavation within underconsolidated marine clays, 
where DSM and JGP were designed to stabilize the excavation. Field measurements show that significant 
ground movements and wall deflections occurred during DSM and JGP installation (prior to excavation). 
We have simulated the ground improvement processes using simplified 2D finite element analyses. The 
analyses assume a net volume change associated with deep soil mixing (reflecting pressure differences 
between the wet ‘soilcrete’ and surrounding clay), while much larger movements occur due to jet grouting 
in the space between the previously installed DSM columns and the perimeter diaphragm wall panels. 
This behavior is reasonably simulated by introducing a set of boundary pressures to represent JGP con-
struction. Further research is now needed to establish how the jet grouting process can be controlled to 
limit potential ground movements in very soft clays.

The  DSM method uses a relatively low injection 
pressure and induced ground movements are gen-
erally related to the differential lateral pressure 
between the wet-mix and the surrounding soil. 
Further movements may be induced by volume 
changes of the soil/cement mixture during the 
set-up process. The resulting ground movements 
associated with large scale ground improvement 
reflect the pattern/distribution of DSM column 
installations. Jet grouting (JGP) uses much higher 
fluid pressures to cut and replace the soil and can 
cause much larger movements associated with cav-
ity expansion and hydraulic fracturing processes.

This paper presents data from a project (at a 
greenfield location) where DSM and JGP meth-
ods were designed to improve deep units of soft 
underconsolidated marine clays and hence, control 
subsequent ground deformations during excava-
tion. The field measurements show that the ground 
improvement methods caused significant outward 
movements in the surrounding soil. We have devel-
oped a simplified 2D finite element model to 
simulate the measured behavior as a first step in 
understanding the measured behavior.

1 INTRODUCTION

Ground improvement methods such as Deep Soil 
Mixing (DSM) and Jet Grouting Piles (JGP), are 
widely used to stabilize soft soils in underground 
construction projects (Hsieh et  al. 2003; Chen 
et al. 2013). However, the installation processes for 
DSM and JGP inevitably cause movements and 
pore water pressure changes (Wong & Poh 2000; 
Shen et al. 2003; Fang & Yin 2007), with associ-
ated changes of in-situ stresses and material prop-
erties in surrounding soils (Shen et  al. 2008). If  
the induced movements are not well controlled, 
the soil improvement processes can actually cause 
detrimental effects on adjacent structures such as 
retaining walls, foundations, pipelines and tunnels 
(Poh & Wong 2011; Rabaiotti et al. 2015).

To mitigate these detrimental effects, the under-
lying mechanisms of ground movements caused 
by DSM and JGP needs to be understood. Single 
DSM column installation mainly involves mechan-
ical mixing of the soil mass with an injected slurry 
of cement binder which sets-up after installa-
tion (due to pozzolanic reactions in the binder). 
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2 PROJECT DESCRIPTION

2.1 General description

A recent construction project in Singapore 
involves deep excavations within an area of land 
reclamation that was infilled between 1979 and 
1985. Figure  1  shows a typical section of the 
project with the temporary lateral earth support 
systems (the final underground structure is to be 
constructed in a conventional bottom-up sequence 
with separate cast in situ walls). The site conditions 
include almost 15 m of reclamation fill overlying 
units of marine clays that range in thickness from 
10 m to 25 m (North and South of the section in 
Fig. 1). The 23 m deep main excavation (B) is sup-
ported by 1.0 m thick diaphragm wall panels that 
extend 40 m (to El. +65 mRL) into the underlying 
soil ensuring embedment within the Old Alluvium 
(OA). On the North side, a composite U-section 
sheet pile and soldier pile is used to support a 19 m 
deep pit (A). In addition to 4 levels of cross-lot 
bracing, the design includes extensive zones of 
soil improvement (stabilization) using Deep Soil 
Mixing (DSM) and Jet Grouting Piles (JGP). The 
design involves 100% replacement of the native 
clays within the footprint of the excavation. The 
DSM columns extend from the top of the UMC to 
a nominal depth of 30 m (El. 75 mRL). Jet grout-
ing is used to replace clay in the space between the 
diaphragm wall panels and the edge of the DSM 
columns (limited by the operating range of the 
DSM auger).

Figure  1  shows that subsurface lateral move-
ments were monitored by a series of inclinometers 
(including one installed within the south dia-
phragm wall), while surface movements were sur-
veyed on the North side of the site.

2.2 Geotechnical site conditions

The ground surface varies slightly across the site 
(El. 104–105 mRL), with the ground water table 
roughly at El. 103 ± 0.5 mRL. The reclamation fill 
comprises approximately 15 m of fine sand over-
lying units of  Kallang formation marine (UMC 

and LMC) and fluvial clays (F2), that were depos-
ited unconformably over Old Alluvium. Paleo-
drainage channels (from the Pleistocene epoch; 
Gupta et al. 1987) produce large variations in the 
surface elevation of the Old Alluvium in this part 
of  Singapore consistent with the section shown in 
Figure 1.

Figure  2  summarizes index properties, und-
rained shear strength and in situ stress conditions 
at the site. The fill comprises principally medium 
dense fine sand (d50 = 0.3 mm, w = 17–20%, SPT 
N  =  8  bpf). The underlying Kallang formation 
comprises high plasticity marine clays, while 
the intervening fluvial unit (F2) has a slightly 
higher sand content. The Kallang and Old Allu-
vium formations consist of  low permeability 
clays (k  =  10–8–10–9  m/s) which are undercon-
solidated at the time of  construction. We have 
estimated the state of  consolidation at the time 
of  construction (σ’v0) assuming one-way drain-
age (from the OA to the top of  the UMC). The 
predicted pore pressures (u0) are consistent with 
piezometer measurements which show excess 
pore pressures (u0-uss)  =  80–90  kPa in the clay 
units. The results also show that the marine clays 
are already loaded to effective stress levels higher 
than the pre-consolidation stresses obtained in 
prior lab tests.

Prior laboratory studies (Tan et al. 2003) report 
su/σ’v0 = 0.21 for normally consolidated Singapore 
marine clays. This is consistent with local pie-
zocone data that show su  =  20  kPa in the UMC 
(Fig.  2c; assuming a cone factor, NkT  =  13 after 
Whittle & Davies, 2006), but underestimates the 
apparent strength in the F2 and LMC units.

There is a large scatter in strength measurements 
in the weathered upper part of the Old Alluvium 
(estimated from SPT, UU triaxial and piezocone 
data). However, the intact Old Alluvium below El. 
75 mRL consistently exhibits su = 200–300 kPa.

Figure  1. Cross-section showing stratigraphy, ground 
improvement zones and monitoring data.

Figure 2. Summary of site conditions.
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2.3 DSM and JGP construction processes

The construction of DSM columns used a double 
auger screw system (Fig. 3a), and was accomplished 
in three stages, i) auger penetration to a target depth 
(El. 90  mRL), ii) slurry injection and mechanical 
mixing to the target base elevation of the treatment 
zone (El. 75 mRL in pit B and El. 84 mRL in pit A; 
Fig. 1), and iii) mixing rotation as the auger is with-
drawn, without slurry injection. The biaxial auger 
shafts have a 1.3 m shaft diameter, and 0.3 m overlap 
and use a 1:1 water-cement ratio. The construction 
parameters affecting ground movements include 
the rotation rate of the mixing shaft, flow rate of 
injected slurry (300 ± 30 l/min), and the auger drill-
ing and withdrawal speed (0.4∼0.6 m/min).

Deformations inevitably occur in soft clays when 
the hydrostatic pressures within the soilcrete slurry 
exceed the lateral pressures in the clay but these 
effects may be reversed due to subsequent cement 
hydration. Chai et al. (2005) have also shown that 
the sequence of DSM column installation can have 
a significant impact on ground deformations.

In jet grouting process, a high velocity fluid jet 
(compressed air shroud at 5∼12 bar) is used to 
cut the soil mass while a second high pressure jet 
injects grout (400 ± 40 bar) to fill the space and mix 
with the slurried soil mass (Fig. 3b).

Prior studies (Ho, 2005) have shown that the 
diameter of a jet grouted column in clay is controlled 
by the characteristic cutting radius of the fluid jet, Lj:
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where dn is the diameter of the fluid jetting nozzle, 
pi the injection pressure and su the undrained shear 
strength of the clay.

In most applications of JGP, the jetting param-
eters are adjusted to achieve a characteristic column 
diameter through field trials. In the current appli-
cation, jet grouting is conducted within a confined 
space between the completed Diaphragm Wall (DW) 
panels and continuous DSM columns, through clays 
of varying undrained shear strength (Fig.  2). It is 
highly likely that the injection pressures will act 
directly on the stiff DW and DSM boundaries, caus-
ing wall flexure and inducing ground movements.

Table  1  summarizes the construction sequence 
of soil improvements in the vicinity of the instru-
mented section over a period of 7 months from the 
start of DSM activities.

2.4 Field measurement

Figure 4a shows the lateral deflections in the South 
diaphragm wall and in the adjacent soil measured 
by a series of three inclinometers.

Deep Soil Mixing causes outward flexure of 
the diaphragm wall with a maximum deformation 
δh = −33 mm at the top of  the UMC (15 m below 
ground surface). Similar movements occur in the 
closest soil inclinometer (10.5 m from the wall), 
while data for the third inclinometer (21 m from 
the wall) show maximum movements of  about 
10 mm in the fill. Jet grouting on the south side 
of  the pit B causes much larger movements of  the 
wall and soil (δh = −235 mm and −135 mm, respec-
tively) within the UMC. However, there is some 
slight recovery/reversal after JGP is completed on 
the South side of  pit B (incremental movements 
of  18–30 mm towards the excavation). This behav-
ior may be related to set-up of  the soilcrete in the 
JGP and/or consolidation induced within the 
UMC. Significant lateral wall and ground deflec-
tions were also observed on the North side after 
the JGP process (Fig. 4b). These movements are 
mainly caused by the JGP construction, because 
the inclinometers were installed after DSM in  
pit A. The magnitude and pattern of  the move-
ments are quite different from South side, which 
is probably caused by differences in the ground 
stratigraphy, wall type, and JGP process.

Figure  3. Mechanisms of DSM and JGP (modified 
from Keller: http://www.kellerholding.com/).

Table  1. Sequence of ground improvement activities 
(at section shown in Fig. 1).

Accumulated  
Time (days)

Duration  
(days) Process Location

 30  30 DSM Pit A

210 180 DSM Pit B

215   5 JGP Pit A—North

220   5 JGP Pit B—North

225   5 JGP Pit B—South

230   5 JGP Pit A—South
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Figure  5  shows the vertical movements of the 
ground surface measured at a series of settlement 
points on the North side of the site during the 
same period. The data show ground settlement 
occurring through the time after DSM installation 
when no major construction happening in this area 
(settlement range from 6 mm to 12 mm, a modest 
increase in settlement rates compared to the free 
field movements associated with on-going consoli-
dation ∼20 mm/yr). Jet grouting caused immediate 
heave at all locations (the first phase of JGP is on 
the north side of pit A), and produced a maximum 

Figure 4. Measured wall and ground lateral movements.

Figure 5. Ground vertical movement during DSM and 
JGP.

Figure 6. 2D Finite element model and representation 
of DSM and JGP installation processes.

net heave of 40 mm (6 m from the sheet pile wall). 
Once jet grouting operations cease on the North 
side of pit A (∼115 days), settlements resume due 
to dissipation of excess pore pressures within the 
low permeability clays. Figure  5b shows that the 
zone of heave induced by JGP extends to about 
30 m from the sheet pile wall.

Pore pressure measurements (in the UMC and 
F2 layers close to the wall) are relatively stable dur-
ing the DSM process, but increase by about 3 m 
during the jet grouting process.

3 FINITE ELEMENT ANALYSIS

3.1 Finite element model

Initial 2D finite element analyses have been con-
ducted to investigate the mechanism of ground 
and wall movements caused by DSM and JGP.

A simplified two-dimensional finite element 
model is created in AbaqusTM (v6.14), as shown in 
Figure  6. The soil and diaphragm wall are mod-
elled using 8-noded plane strain quadrilateral ele-
ments (CPE8RP) with biquadratic interpolation 
of displacements and bilinear pore pressures. The 
secant pile wall on the pit A side is modelled using 
2D quadratic beam elements (B22). The vertical 
boundaries are constrained in horizontal direc-
tions, and the base is fixed. The ground water table 
is set at 1.0 m below ground level.

The current model considers variable ground 
stratigraphy, effects of underconsolidation due to 
prior land reclamation (cf. Fig. 2). It also assumes 
that the diaphragm wall (DW) panels are wished-in-
place, prior to modeling zones of soil stabilization 
by DSM and JGP methods. The soil mixing proc-
ess is simulated by replacing the soil mass within 
the zone of ground improvement (using design 
properties of the DSM soilcrete) and imposing an 
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assumed unit volume expansion to represent the 
net change in pressure during column installation.

3.2 Material models and input parameters

The Marine Clays (UMC & LMC) are represented 
by the MIT-E3  soil model (Whittle & Kavvadas 
1994), using input parameters presented previously 
by Corral & Whittle (2010) from results of high 
quality laboratory tests reported by Kiso-Jiban 
(2004). All the other soil layers are represented by 
the Modified Cam-Clay (MCC) model using input 
parameters are derived from conventional oedom-
eter and CIU triaxial shear tests, Table 2.

The 1 m thick diaphragm wall and composite sec-
tion steel sheet pile wall are modelled as linear elastic 
materials, based on properties of intact/uncracked 
concrete (E  =  30  GPa and ν  =  0.2) and steel 
(E  =  200  GPa v  =  0.3), respectively. The hardened 
DSM and JGP masses are represented by the linearly 
elastic perfectly plastic Mohr-Coulomb model with 
target design parameters, E = 225 MPa, su = 450 kPa.

3.3 Modelling procedure

The analyses simulate coupled flow and deforma-
tion (based on Biot consolidation theory) using 
hydraulic conductivity parameters listed in Table 2 
and the sequence of ground improvement events 
in Table 1. Initial conditions are simulated by rep-
resenting drained equilibrium of the Kallang and 
OA formations with mean sea level at 100 mRL, 
and simulating land reclamation (with groundwa-
ter rising to El. 103 mRL) over a nominal period 
of 30 years prior to project construction. Fig-
ure 2  shows that the clays are underconsolidated 
at the start of the project with 80–90 kPa of excess 
pore pressure and on-going settlements ∼20 mm/
yr, consistent with field measurements.

The diaphragm wall panels are wished-in-place. 
The DSM process is modelled by switching mate-
rial properties (to the target stiffness and strength 
of the design soilcrete) and then applying volume 
expansion, ∆εvol = 0.5% over the zone of DSM treat-
ment (this volume stain is calibrated using the South 
wall deformation during DSM process). Jet grout-
ing is emulated by replacing the soil with a set of 

boundary pressures, Figure 6, and then allowing the 
soil mass to relax by infilling the gap with hardened 
JGP. The pressures on top and bottom are estimated 
from the overburden pressure at that level. A simpli-
fied uniform pressure distribution is assumed on the 
sides of JGP, and the magnitude is selected based on 
back analysis of the wall deflections caused by JGP.

4 RESULTS AND DISCUSSIONS

4.1 Results presentation

Figure 7a compares the computed and measured 
lateral wall and ground movements at the end of 
the DSM and JGP processes on the South side of 
the project. The results show generally very good 
agreement with the outward movements occur-
ring during DSM. Maximum lateral deflections 
are measured by the inclinometer in the wall and 
10.5  m away in the soil. However, the 2D model 
overestimates the measured outward deflections in 
the marine and fluvial clays (UMC, F2 and LMC) 
for the third inclinometer (21  m from the wall). 
This effect is most likely due to 3D effects associ-
ated with the finite extent of the DSM improve-
ment zone (the section is ∼20  m from the end 
bulkhead wall of the project). The analysis also 
underestimates the measured decrease in lateral 
deformations after completion of jet grouting. 
On the North side, the FE analysis matches the 
maximum lateral deflection measured close to the 
composite wall, but tends to overestimate effects of 
JGP at points away from the wall (Fig. 7b).

Table 2. Input parameters for the soil layers.

Layer γt (kN/m3) e0 λ κ φ′ (°) v′ k (m/s)

Fill 20.5 0.5 0.06 0.008 30 0.3 10–7

UMC 15.5 1.6 MIT-E3 soil model 10–9

F2 20.0 0.6 0.108 0.013 24 0.3 10–9

LMC 16.6 1.3 MIT-E3 soil model 10–9

OA 22.0 0.4 0.04 0.004 35 0.25 10–9 Figure  7. Computed and measured wall and lateral 
ground movements.
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Figure 8 compares the computed and measured 
vertical deformations at the ground surface on the 
North side of the site. The analysis confirms the 
measured ground settlement after DSM in pit A 
prior to the JGP, is mainly caused by on-going con-
solidation of the overall site. The measured ground 
heave in JGP process is captured in the analysis, 
although the heave is slightly overestimated. The 
analysis also reproduces the measured ground set-
tlement after the JGP, due to dissipation of excess 
pore water pressures induced by JGP construction.

The FE analysis assumes a rough soil-wall inter-
face and hence, predicts small vertical movements 
close to the wall. In contrast, the analysis tends to 
overestimate far field ground movements due to 
use of the MCC soil model (Table 2) which does 
not account for the small strain stiffness of the fill.

5 CONCLUSIONS

Soil improvement methods including deep soil 
mixing and jet grouting are widely used of base 
stabilization of excavations in soft clay conditions. 
This paper presents a case study showing that 
the processes of soil improvement can generate 
unwanted ground movements. In this case mix-
ing of a large zone of improved soilcrete columns 
by DSM methods caused modest outward move-
ments of the adjacent diaphragm wall. Much larger 
outward lateral movements and surface heave 
occurred when jet grouting (JGP) was applied in 
the gap between the hardened DSM columns and 
the perimeter walls. The observed response could 
be reasonably well described by simple FE mod-
els but highlights the need to control more closely 
the application of soil improvement schemes in 
projects where the associated ground movements 
could affect adjacent structures.
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