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ABSTRACT: This paper summarizes some of the recent works on spatial variability of cement-treated clay for underground 
construction. The studies were conducted using deterministic and random finite element analyses, calibrated and validated 
using centrifuge model test data. An approach to estimating a “design strength” of an equivalent homogeneous material is 
proposed, based on the notion of reducing the mean strength of the spatially variable soil domain by a multiple, termed 
reduction factor, of its standard deviation. The results suggest that the value of the reduction factor depends upon the stresses 
arising from external loading. For highly uniform stress situations such as that in a cement-treated soil slab, the reduction 
factor is relatively low. On the other hand, for non-uniform stress situations such as those in cement-treated soil rings and 
heading, the reduction factor is substantially higher. This implies that the non-uniform stress distribution can aggravate the 
effect of material spatial variability, and vice-versa. An issue which is still receiving on-going attention is the interaction 
between material model and spatial variability. Results to-date indicate that the Mohr-Coulomb model tends to err on the 
unsafe side. If this is so, then Mohr-Coulomb parameters may need to be factored down accordingly. 
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1 Introduction 

In tunnelling and underground construction in 
areas underlain by soft soils, ground 
improvement works is often undertaken. A 
widely used approach for ground improvement 
is cement admixture, wherein cement powder or 
slurry is mixed into the soft soil, either using 
deep cement mixing or jet grouting, to change 
the soft ground into a hardened mass. Significant 
heterogeneity has been observed in such cement-
treated soil. For instance, Chew et al. (1997) 
presented jet grouting core sample data which 
showed unconfined compressive strength 
varying from less than 1MPa to about 4 MPA. 
Similarly, Chen et al.’s (2011) field data also 
indicate unconfined compressive strength of 
core samples ranging from approximately 0.7 
MPa to 5 MPa for the deep mixing work at the 
Marina Bay Financial Centre (MBFC) project in 
Singapore. For dry lime mixing, Larsson et al. 
(2005) also noted similarly significant spatial 
variation. This range of spatial variation in 
strength is significantly larger than that 
encountered in many naturally occurring soils. 
Chen et al.’s (2016) data from the Marina Bay 
Financial Centre and Marina One as well as data 
from other cement treatment projects conducted 

in Singapore indicate a coefficient of variation 
(COV) of the unconfined compressive strength 
typically ranging from 0.37 to 0.47. Chen et al. 
(2016) also noted that this range of COV can be 
derived from a corresponding COV for cement 
slurry concentration of roughly 0.2, which 
implies reasonably good mixing quality. Given 
the constraints of time and site conditions, it may 
be difficult to obtain a COV for slurry 
concentration which is less than 0.2. This would 
also mean that, in practice, it is difficult to 
reduce the COV in strength to much less than 
0.4. 

While significant spatial variability in cement-
treated ground has been well-reported, there is 
still not well-established design method which 
has be shown to be able to account for such 
variability. In Eurocode 7 (e.g. Simpson & 
Driscoll, 1998; Schneider, 1999; Orr, 2000; 
Eurocode 7 CEN, 2004; Hicks, 2013), the design 
strength is evaluated by applying partial factors 
to the mean strength. These factors are intended, 
in part, to account for spatial variability in 
strength (e.g. Simpson & Driscoll, 1998). 
However, it is uncertain if these factors are 
applicable to cement-admixed soil and a more 
common approach is to adopt a design strength 
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that is several times lower than the laboratory-
measured strength using the same mix 
proportion (e.g. Nakagawa et al., 1996). In 
Singapore, a highly prescriptive variant to this 
approach is often used, wherein the design 
unconfined compressive strength of cement-
treated clay is limited to about 700kPa. This is 
much lower than the mean strength, which is 
typically in the range of 1.5MPa to 2MPa. The 
low prescribed strength is likely to be a safety 
measure taken to account for the uncertainties 
and unknowns related to cement-treated clay. 
However, using such a low strength has 
unavoidable cost implications. Where the 
volume of ground treatment is substantial, it may 
be necessary to seek a more optimal balance 
between safety and buildability. 

The issue of spatial variability and its effect on 
the design of ground improvement work has 
been receiving increasing attention in recent 
years. In particular, researchers at the National 
University of Singapore have been studying the 
effect of spatial variability of cement-treated soil 
on its mass performance in several different 
scenarios. This paper summarizes some of the 
research findings for underground cement-
treated soil layer for deep excavations and 
improved soil rings around tunnels as well as 
design framework which these findings point to. 

2 Underground cement-treated soil layer 

A common concern in deep excavation projects 
in densely built-up environments overlying soft 
clayey soil is excessive wall deflection and 
ground movement, in particular settlement, 
around the excavation. Above the excavation 
level, struts can be installed to limit wall 
deflection. However, in soft clay soil conditions, 
the maximum wall deflection usually occurs 
below final excavation level, where struts cannot 
be installed. In such situations, cement 
admixture by deep mixing or jet grouting is often 
used to create cement-treated soil layers to act as 
underground props and thereby control wall 
deflection (e.g. Nakagawa et al. 1996; Lee et al. 
1998; McGinn 2003). Cement-admixed soil 

layers are often assumed to be an isotropic and 
homogeneous Mohr-Coulomb material in design 
(e.g. Terashi 2005; O’Rourke and McGinn 
2006). In reality, the ground improved by jet 
grouting and deep mixing has a strongly 
columnar structure (e.g. Nakagawa et al. 1996), 
and possesses significant random spatial 
variation with a coefficient of variation (COV) 
around 0.4 (e.g. Larsson et al. 2005; Chen et al. 
2011).  

Liu et al. (2015) studied the effect of spatial 
variation in strength of cement-treated soil slab 
taking into account three types of variability, as 
follows: 

a) Deterministic trend of decrease in strength 
with radial distance from the column centre 
within each cement-treated soil column 
(Kawasaki et al. 1984). 

b) Stochastic variation in strength within each 
column. 

c) Random errors in column positioning, as 
summarized in Table 1. Such positioning 
errors may result from eccentricity of the 
mixing equipment or off-verticality, as 
illustrated in Figure 1. If the treated soil 
stratum lies deep underground, a small tilt 
can result in large positioning errors at depth. 
Positioning error was considered by 
prescribing a uniform random error in the 
column centre locations, subjected to a 

maximum deviation. 

Fig. 1   Increase in positioning error with depth. 

 

Table 1. Summary of maximum allowable deviation from design positions (after Liu et al. 2015). 

design in practice

Positioning Error, d
- a function of drilling depth, D

d(D1)

d(D1) < d(D2) 
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Mixing 
Method 

Max. allowable deviation from design positions 

References  
Start position  

Verticality 

(compared by drilling depth)  

Jet 
Grouting  

50 mm  2% for depths up to 20 m, different tolerances 
for greater depths.  

BS EN (2001)  

76.2 mm  1%  Geo-Institute, ASCE (2009) 

 -  0.5% for depths up to 15 m, 1% for depths up 
to 30 m.  

Stoel (2001) 

 50 mm  0.5%  Morey and Campo (1999)  
 50 mm  0.5%  Passlick and Doerendahl  (2006)  

Deep 
Mixing  

-  1%  Rutherford et al. (2005)  

50.8 mm  2%  Puppala et al. (2008)  
 50 mm  1%  Bahner and Naguib (2000)  
 -  1%  Ryan and Jasperse (1989)   
 -  1% - 2%  Larsson (2005)  

 

 

Fig. 2   A typical random realization of the cement-treated soil layer (after Liu et al. 2015). 

Liu et al. (2015) used a strain-softening Mohr-
Coulomb model in which the strength parameter 
was represented by the undrained shear strength 
and the angle of friction was assumed to be zero. 
Strain-softening was modelled by decreasing the 
undrained shear strength as a function of the 
shear strain. The elastic modulus was assumed 
to be proportional to the peak undrained shear 
strength. Since the latter varied randomly with 
location, so did the modulus. Fig. 2 shows a 

typical mesh from a random realization. The 
darker areas represent the stronger and stiffer 
areas. White areas represent untreated clay 
zones. In Liu et al.’s (2015) problem, the 
cement-treated slab was subjected to lateral 
compression at its two ends to simulate the 
forces generated by the inward movement of the 
retaining walls. The sides of the slab were 
assumed to be either completely free to move 
laterally or completely fixed. 

Diameter of cement-admixed 
column is 1.5 m 

2 m 

z 

x 

y

Compressive Pressure 

Rollers 

Excavation 
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In a random finite element analysis, an analysis 
is repeated many times, each termed herein as a 
realization. Since the soil properties at each 
point within the domain are randomly assigned 
following a set of prescribed statistical 
parameters, no two realizations are exactly alike. 
The results of all these realizations give a 
statistical spread of the outcome. Fig. 3 shows a 
typical set of results from an analysis comprising 
100 realizations. In this figure, the calculated 
stress is the average stress across the ends of the 
slab while the mass strain is the average strain, 
evaluated as the compression of the slab divided 
by its original length. As can be seen, the initial 
portion of each stress-strain curve is linear, thus 
allowing an equivalent “mass modulus” to be 
evaluated. Furthermore, the end portion of each 
stress-strain curve is flat, thus allowing a “mass 
strength” to be evaluated. As Fig. 3(b) shows, 
the distribution of the mass strength from the 
100 realizations is reasonably close to a normal 
distribution. Based on this, Liu et al. (2015) 
proposed that a rational design strength Qd that 
represents the performance of the entire system 
can be evaluated via the relationship 

qQaveud qQ   _     (1) 

in which qu_ave is the volume-averaged strength, 
σq is the standard deviation of the strength 
variation in the treated soil and αQ is a reduction 
coefficient which can estimated from the 
statistical properties of the mass strength 
distribution, coefficient of variation of the spot 
strength and the probability of failure. Details of 
the procedure for evaluating the reduction 
coefficient αQ are given in Liu et al. (2015). For 
an unconfined compressive strength COV of 0.4, 
the reduction factor αQ is approximately 0.6. 

3 Improved Soil Rings around Tunnels 

In tunnelling scenarios, where the soil is not 
fully self-supporting, cement-treatment is 
commonly used to create a zone of hardened soil 
around the tunnel periphery, hereafter  

 

 

Fig. 3   (top) Typical mass stress-strain curves from 100 
realizations; (bottom) histogram of failure stress 
(after Liu et al. 2015). 

termed improved soil surround, to prevent soil 
collapse (e.g. O’ Rourke and McGinn, 2006).  
Such improved soil concepts include the jet-
grouted “safe haven” box used in the SR99 four-
lane bored tunnel, Washington (WSDOT, 2016), 
the jet-grouted dome atop the Kanadská tunnel, 
Prague (Zakladani, 2012) and Aeshertunnel, 
Switzerland (Coulter and Martin, 2004). Similar 
improved soil surrounds are also being used in 
contract T227 of the Thomson Line, currently 
under construction in Singapore. The presence 
of improved soil surround is likely to alter the 
failure mechanisms and stability characteristics 
of the tunnel significantly from that before 
improvement. Although field observations on 
tunnels in improved soil surrounds have been 
reported (e.g. Dempsey and Moller, 1970; 
Canetta et al., 1996; Pellegrino and Adams, 
1996), systematic studies on the failure 
behaviour and stability characterization of 
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tunnels with improved soil covers or surrounds 
have generally been scanty. Indeed, much 
remains unclear about the failure modes of 
tunnels with such improved soil surrounds. 

The problem of an improved soil ring around a 
circular tunnel is much more complex than that 
of a cement-treated soil slab because the stress 
states induced by the loading is much more non-
uniform. Centrifuge model tests and 
deterministic finite element analyses indicate 
that weaker and thinner cement-treated soil rings 
tend to fail by shearing of the crown region of 
the soil ring, accompanied by plastic collapse of 
the soft soil above it. Thicker and stronger 
cement-treated soil rings tend to fail by tension 
cracking instead, Fig. 5. In such failures, the 
surrounding soil movement is typically much 
smaller and surface settlements cannot be used 
as an indicator of cracking. Instead, stress 
transducers were embedded at the crown of the 
soil ring extrados to monitor the contact stress 
between the cement-treated soil ring and the soft 
ring (Zulkefli et al. 2015). Cracking of the soil 
ring gave rise to a small settlement of the crown 
of the soil ring which is registered as a decrease 
in the contact stress.  

Random finite element analysis was conducted 
on the cement-treated soil ring using an effective 
stress Mohr-Coulomb model. The friction angle 
was based on an average value from triaxial tests 
while the effective cohesion was estimated from 
the unconfined compressive strength. Xiao 
(2009) observed water being expelled from the 
sides of unconfined compressive test specimens 
and postulated that, for very stiff material such 
as cement-treated soil with high cement, the 
unconfined compressive test approximates a 
drained, rather than undrained test. This allows 
the effective stress states of an unconfined 
compressive test specimen to be defined and the 
effective cohesion to be estimated. Since the 
friction angle is constant, the effective cohesion 
can be shown to be linearly related to the 
unconfined compressive strength.  

 

Fig. 4   Schematic of a tunnel with a cement-treated soil 
ring around it. 

 

 

Fig. 5   Cracking of a cement-treated soil ring in 
centrifuge model test. Unconfined compressive 
strength 1 MPa. 

The software used for the finite element analyses 
is GeoFEA9.0 (GeoSoft 2016). The random 
material properties were incorporated into 
GeoFEA as a user-defined material subroutine. 
Tension cracking was not explicitly modelled. 
Much remains unknown about propagation of 
tension cracks in cement-treated soil. For a 
spatially and randomly variable materials, the 
challenges of modelling crack propagation are 
even more formidable. Instead, a 
phenomenological approach is adopted in this 
study. Centrifuge observations indicate that 
cracking typically occurs at the crown, invert 
and shoulders of the tunnel. In the random finite 
element analysis, the tensile stresses were 
monitored for the cement-treated soil ring 
having spatially variable strength and modulus. 
Pan et al. (2016) reported that the tensile strength 
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of cement-treated marine clay is typically about 
13% of the unconfined compressive strength. 
This was then used as a criterion to define 
cracking failure.  The excavation of the tunnel 
was carried out till a specified out-of-balance 
(OOB) force exceedance (10% or 20%). This 
failure criteria was established from 
deterministic results in which shear/tension 
failure, tunnel volume loss and tunnel distortion 
were observed once the out-of-balance force 
exceeds 10%-20%. Fig. 6 shows the critical 
tunnel support pressure from a random analysis. 
The critical tunnel support pressure is the tunnel 
support pressure at which failure occurs and it is 
expressed as a percentage of initial tunnel 
support pressure. As can be seen, the distribution 
of critical tunnel support pressure is also 
approximately normal. The analyses are still on-
going. Results to-date suggest that, for a 
probability of failure of 0.05 (corresponding to 
the 5th percentile of the distribution) and 
unconfined compressive strength COV of 0.4 
and ignoring positioning error, the value of the 
reduction coefficient αQ is about 1.35. This is 
significantly higher than that obtained by Liu et 
al. (2015) for cement-treated soil slab. The 
difference may be attributed to the fact that the 
stresses due to the external loading is much more 
non-uniform for a cement-treated soil ring. For 
lower probability of failure, the reduction 
coefficient will increase. For higher unconfined 
compressive strength COV, the reduction 
coefficient αQ may decrease slightly, because it 
is more than offset by the increase in standard 
deviation, Eq. 1. However, it may be prudent to 
ignore the decrease and assume the same value 
for reduction coefficient. 

Similar analyses were also conducted for 
cement-treated tunnel headings, Fig. 7. 
Centrifuge model tests and deterministic 
analyses indicate such tunnel headings fail 
predominantly by diagonal tension cracking 
along the circumference. Random finite element 
analyses were also conducted using a similar 
approach as that described above for cement-
treated soil ring.  Failure was considered to have 
occurred when the minor principal effective 
stress in the zone around the entire periphery of 

the heading falls below the negative of the 
tensile strength of the soil. This is also supported 
by deterministic finite element results, Fig. 8. 
Results to-date suggest that, for a probability of 
failure of 0.05 (corresponding to the 5th 
percentile of the distribution) and unconfined 
compressive strength COV of 0.4 and ignoring 
positioning error, the value of the reduction 
coefficient αQ is about 1.5. This is slightly higher 
than the value of 1.3 for cement-treated soil ring 
discussed earlier. 

 

Fig. 6   Critical tunnel support pressure from random 
analyses. 

 

 

Fig. 7   Failure of cement-treated soil heading in 
centrifuge model test. 

4 Effect of Constitutive Model 

The analyses above were all conducted using 
Mohr-Coulomb model. Xiao et al. (2014) 
showed that cement-treated clay undergo 
significant loss of structure after yielding. Under 
undrained triaxial conditions, strain softening 
takes place shortly after initiation of yielding. In 
drained triaxial conditions, strain hardening 
tends to occur, accompanied by large volumetric 
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compression. These behavioural features are not 
reflected by the Mohr-Coulomb model. At the 
same time, however, the Mohr-Coulomb is the 
most widely model in practical geotechnical 
engineering, including cement-treated soil. 
Advanced models for structured soils may not 
come into wide usage in the near future. For this 
reason, there is a need to assess the errors 
involved in the use of Mohr-Coulomb model.  

To do this, comparison were also made between 
the Mohr-Coulomb model and Xiao et al.’s 
(2016) cohesive Cam Clay model. The results of 
the comparison showed that, for deterministic 
problems or problems involving homogeneous 
domains, the failure load from the Mohr-
Coulomb model is usually about 10% higher 
than that obtained using the cohesive Cam Clay 
model. However, the cohesive Cam Clay model 
often give a wider spread of failure loads in 
random analyses. Comparison of the 5th 
percentile results indicates that the Mohr-
Coulomb model may underestimate the 
reduction factor by up to 25%, compared to the 
cohesive Cam Clay model. As such, more 
studies are needed to shed further light on the 
interaction between model and spatial 
variability. 

5 Conclusion 

The foregoing discussion indicates that a 
feasible of analysing spatial variable cement-
treated soil constructions in practical design is to 
lower the mean strength by a multiple of the 
standard deviation of the cored strength; this 
multiple being termed above as a reduction 
factor. The results suggest that the value of the 
reduction factor depends upon the stresses 
arising from external loading. For highly 
uniform stress situations such as that in a 
cement-treated soil slab, the reduction factor is 
relatively low. On the other hand, for non-
uniform stress situations such as those in 
cement-treated soil rings and heading, the 
reduction factor is substantially higher. This 
implies that the non-uniform stress distribution 
can aggravate the effect of material spatial 
variability, and vice-versa. An issue which is 
still receiving on-going attention is the 

interaction between material model and spatial 
variability. Results to-date indicate that the 
Mohr-Coulomb model tends to err on the unsafe 
side. If this is so, then Mohr-Coulomb 
parameters may need to be factored down 
accordingly. 

 

Fig. 8   Minor principal effective stress contours and crack 
locations at heading. 
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