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)is study deals with the variation in strength of clays stabilized by a special binder—the CEM II/B-V type of Portland-fly ash
cement. Two sources of uncertainties were examined, that is, the uncertainty in cement fraction in the binder, and the non-
uniformity in binder concentration resulted from the process of mixing binder slurry with in situ clays. )ese two uncertainties
were quantitatively described as two random variables, and the analyses were conducted through the Monte Carlo simulation
method. Results indicate that the strength is insensitive to the cement fraction in the binder but is sensitive to the binder
concentration; the variation of the latter even results in an amplified variation of strength.)e variation of binder concentration is
proposed to be linked up with the variation of strength through the operational parameter of blade rotation number. By doing so,
the results could benefit designers in quality control prior to the construction of soil stabilization.

1. Introduction

Soil stabilization is necessary prior to the constructions of
many geotechnical projects in marine clay. )e stabilization
can be realized by adding cementitious binders or other
admixtures (e.g., lime, fly ash, and bitumen) into natural
clays with the deep soil mixing or jet-grouting techniques.
Ordinary Portland cement (OPC) is a common binder, with
which the stabilized soil can gain strength in a relatively fast
manner; around 80% strength can be reached within a 28-
day curing period. )is feature enables the OPC being used
in projects with a short construction period. However, many
projects have a long construction period; for instance, when
applying a cement-admixed slab in a deep excavation to
resist the lateral displacement ([1]), the excavation may last
half a year after the completion of the slab. In this cir-
cumstance, a low strength gaining rate is allowable. Xiao
et al. [2] investigated the effect of fly ash on the strength
gaining rate by using a new binder, that is, the CEM II/B-V
type of Portland-fly ash cement (PFC), which is a mixture of

OPC with a certain amount of siliceous fly ash ([3]). Figure 1
illustrates the PFC in macrolevel and microlevel. Figure 2
reinterprets the data from Xiao et al.’s [2] work, which shows
that the strength of OPC-stabilized soil with fly ash exceeds
that without fly ash when the curing period is 90 days or
more.)us, if a project lasts longer than 3 months before the
stabilized soil to be mobilized, the PFC is likely to be a better
binder over pure OPC in terms of strength gain.

A few studies on the PFC-stabilized clays can be found
([2, 4, 5]), which were mainly based on laboratory tests with
cautiously prepared samples and standard procedures in
testing. As a result, the strength variation of laboratory
samples is much less than that observed in the field. For
instance, Xiao et al. [2] found that the coefficient of variation
(COV) of the unconfined compressive strength (UCS) of
PFC-stabilized clay samples prepared in laboratory is gen-
erally less than 0.05. )is level of COV is negligible when
compared to that reported from deep cement mixing
projects; the latter is often as high as 0.4 to 0.6 ([6]). )is
discrepancy implies a gap between laboratory studies and
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engineering practices. It may be attributable to the uncer-
tainties encountered in construction. Significant

nonuniformity can be introduced during the process of
mixing the binder with in situ clay. )is type of nonuni-
formity has been widely reported (e.g., [7–9]). On the other
hand, PFC is a mixture of cement and fly ash, and the cement
fraction of PFC is specified as a range of 65%–79% in BS EN
1971 : 2000 [3]. )e variation in cement fraction in the
binder is likely to further increase the variation in strength.

In the current study, these two sources of uncertainties
are considered to link laboratory results with engineering
applications. )e relationship in the coefficient of variation
(COV) between laboratory and field data is established.With
this relationship, a rule-of-thumb estimation of the variation
in strength can be obtained for construction quality control.

2. Strength Prediction Model

Based on a large number of experimental tests, Xiao et al. [2]
concluded that the UCS of PFC-stabilized clay (denoted as
qu) is contributed by the OPC component (denoted as quc)
and the fly ash component (denoted as quf):

qu � quc + quf, (1)

in which quc and quf are in the units of kPa.

quc � 44000 ×
1 + 0.36 × MS + MF( /MC(  + 0.36 × MS + MF( /MC( ( 

2

MW1 + MW2( /MC( 
3.1 × 1 −

1
1 +(1174t/44000)

0.52 , (2)

quf � 85000 ×
1 + 0.36 × MS + MC( /MF(  + 0.36 × MS + MC( /MF( ( 

2

MW1 + MW2 − 0.4MC( /MC( 
3.1 × 1 −

1
1 +(1150t/85000)

2.5 , (3)

where t is the curing period in the units of day, and the phase
components and mix ratio are defined in Figure 3.

Equations (2) and (3) are transformed from a rela-
tionship between the unconfined compressive strength
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Figure 1: (a) Macrolevel and (b) microlevel photos of Portland-fly ash cement (prototype size of the image in (b) is around 2mm× 2mm).
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Figure 2: Unconfined compressive test results of two sets of
samples with 100%water content but different mix ratios (mix ratio
is defined as the mass ratio of soil, ordinary Portland cement, fly
ash, and water, that is, S : C : F :W).
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qu0, mix ratio, and curing time t is proposed by Xiao et al.
[2].

qu0 � q∞ 1 −
1

1 + αt/q∞( 
r 

1 + m 1/Aw(  + m 1/Aw(  
2

(W/C)
n ,

(4)

in which Aw � cement content, W�mass of water, and
C�mass of cement; α is related to the rate of short-term
strength gain, whereas r is related to the rate of long-term
strength gain. By adjustingm to obtain a best straight-line fit,
parameters m, q0, and n can be determined. Table 1 sum-
marizes the values of parameters in equation (4) for the
specimen that consists of OPC component and fly ash
component which is determined by Xiao et al. [2].

In the current study, a series of unconfined compression
tests were conducted to verify equation (1). )e mix ratio
was set at 2 : 0.655 : 0.345 : 3 (MS :MC :MF : (MW1 +MW2)).
)e test results are shown in Figure 4, where Figures 4(b)
and 4(c) show the failure pattern of compressed samples
with 28-day and 90-day curing periods, respectively. For
samples with 28 days of curing, the development and ex-
tension of fractures are mainly distributed in the upper zone
which is about the 20–30% of the compressed sample. )ese
continuous cracks compose a closed network and eventually
contribute to the breakage of integrity of the sample.
Conversely, on the part of the sample which cured for 90
days, the occurrence of failure is often accompanied by
fragments peeling and the fractures apparently extend to the
middle and bottom zones of the sample. Several main cracks
across the whole sample in the end of the compression
process is the significant reason for the failure of sample.
Although no apparent shear bands were observed, which
commonly occurs in unconfined compression tests, the test
results are generally consistent with the prediction model of
equation (1).

3. State Variables

3.1. Soil Mixing. Figures 5(a) and 5(b) show soil-cement
samples used in the laboratory and cored from a real project,
respectively. As can be seen from Figure 5(b), much more
nonuniformity can be observed in the cored samples, and
some portions even remain untreated. )is kind of non-
uniformity is resulted from the soil mixing process. For this
reason, a state variable α is defined (Figure 3) to quantify this
nonuniformity. If α� 0, the admixture is pure natural soils;
while if α� 1, the admixture is pure binder slurry.

3.2. Cement Fraction in PFC Binder. )e binder of PFC (i.e.,
CEM II/B-V type of cement) is specified by BS EN 1971 :
2000 [3], with a cement fraction being 65–79%; equivalently,
the fly ash mass fraction is 21–35%. )e cement fraction is
also likely to vary during the process of blending cement
with fly ash. As a result, since the cement and fly ash
contribute to the strength in different manners (Figure 4),
the resultant strength is likely to vary. To examine this effect,
the cement mass fraction (denoted as β) is herein considered
as another state variable.

Definitions:
Total mass: (i)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)

M = MS + MC + MF + (Mw1 + Mw2) 

w = Mw1/MS 
Wate-binder ratio in slurry

A = Mw2/(MC + MF)
Mix ratio: 

MS : MC : MF : (Mw1 + Mw2)
Water mass after hydration (see
Xiao unitalize 2017): 

Mw0 = Mw1 + Mw2 – 0.4MC

Binder concentration
α = (MC + MF + Mw2)/M 

Cement fraction in binder 
β = MC /(MC + MF)

Fly ash
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Figure 3: Illustration of components from a PFC-stabilized soil and definition of symbols used in the current study (PFC, Portland-fly ash
cement;Ms is themass of solid soil in natural soil;Mc is themass of cement in blinder slurry;MF is themass of fly ash in blinder slurry;Mw1 is
the mass of water in natural soil; and Mw2 is the mass of water in blinder slurry).

Table 1: Summary of parameters in equation (4).

Component Parameter Value

OPC

m1 0.36
n1 3.1
q∞1 44,000
α1 1,174
r1 0.52

Fly ash

m2 0.36
n2 3.2
q∞2 85,000
α2 1,150
r2 2.5
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Figure 6 shows the resultant UCS under different levels
of α-value and β-value; their relationship is derived in
Appendix A.)e contribution of fly ash is insignificant when
the curing period is less than 28 days, whereas its effect on
strength becomes increasingly significant thereafter.)us, in
order to maximize its strength potential, a long curing
period should be provided when using PFC as a stabilization
binder.

3.3. Statistical Parameters. In this section, the state variables
α and β are treated as random variables to examine the
statistical characteristics of the strength of PFC-stabilized
clays.

)e range of α is physically restricted at [0, 1]. )e mean
value of α is prescribed by the designers—it depends on the
dosage of cement. )e mean value of α in samples tested in
this study (Figure 4) is 0.33. )is mean value is adopted in

(a) (b)

Figure 5: (a) A sample prepared in laboratory and (b) cored samples from a real project.
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Figure 4: (a) Validation of the strength predictionmodel, and (b) and (c) samples after the unconfined compression test with 28-day and 90-
day curing periods, respectively.
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the simulations hereafter, so that the simulation results can be
compared to the laboratory test results. )e COV of α can be
inferred from the blade rotation number; the latter is an
operational parameter of the mixing process when adding
binder slurry into natural clays. Chen et al. [10] extensively
examined the relationship between the COV of α and the
blade rotation number. )ey observed that when the density
of binder slurry approximates that of natural clays, the mixing
uniformity can be enhanced, and they proposed the following
formula based on centrifugal modelling test results:

δ � 0.102 + 0.585T
−0.335

, (5)

where δ denotes the COV of α; T denotes the blade rotation
number. For simplicity, T� 200 is first adopted as a reference
value, that is, δ � 0.2 based on equation (5). Up until this
point, four parameters of the random variable α can be

determined, namely, lower and upper bands, mean value,
and COV. With these four parameters, a beta distribution
can be determined for α ([11]).

On the other hand, since the main variability of β results
from its range specified by the BS code [3], the probability
type of β is simply assumed as the uniform distribution over
the interval [0.65, 0.79]. As will be shown later, the results are
insensitive to the variation in β.

Figure 7 shows the probability density functions of α and
β for the reference case, and the specific statistical param-
eters of these two random variables are listed in Table 2.

4. Results

Figure 8 shows the effects of α and β on the strength with the
Monte Carlo simulation method [12]. )e curing period is
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Figure 6: Resultant unconfined compressive strength (UCS) predicted under various combinations of binder concentration (α) and cement
fraction in the binder (β). Dashed curves with square marks: strength contributed from the OPC component (equation (2)); dashed curves:
strength contributed from the fly ash component (equation (3)); solid curves: UCS of PFC-stabilized clay (equation (2) plus equation (3)).
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adopted as 90 days; nevertheless, the results are extendable to
other curing periods by considering the time-dependent
factor ([2]). Figure 8(a) indicates that the variation in
strength is relatively small; the maximum difference among
the strength is less than 100 kPa. )is observation implies
that the strength function equation (1) is insensitive to β.
)is insensitivity can also be observed from Figure 6; the
resultant effect of fly ash and cement on strength is in-
sensitive to β when the curing period is greater than 90 days,
despite equations (2) and (3) separately vary with β. By

contrast, Figure 8(b) shows that the strength varies signif-
icantly when α varies. )us, the variation in the binder
concentration α dominates the variation in strength. For
these reasons, only the variation in α will be examined
hereafter.

Parametric studies on α is conducted to evaluate the
COV of field data. )is is performed with the Monte Carlo
simulations, and the results are shown in Figure 9. As can be
seen from this figure, the two types of COVs can be bridged
with the blade rotation number.)e predicted strength COV
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Figure 7: Probability density functions of α and β (α, binder concentration; β, cement fraction in the binder).

Table 2: Statistical parameters of reference case.

Parameter Symbols Distribution type Mean COV Range
Binder concentration α Beta distribution 0.33 0.2 0-1
Cement fraction in the binder β Uniform distribution — — 0.65–0.79
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Figure 8: Illustrations of theMonte Carlo simulationmethod to examine the effect of variation in (a) β and (b) α on unconfined compressive
strength (α, binder concentration; β, cement fraction in the binder).
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is greater than the COV of α. As listed in Table 3, when the
COV of α is 0.2, the COV of strength is 0.328. )is implies
that the nonuniformity during mixing has an amplifying
effect on the strength variation. )e amplifying effect is due
to the nonlinearity of the strength prediction model of
equation (1). By comparing the deterministic case and the
random analysis case in Table 3, one can observe that the
existence of variation in strength leads to a greater mean
strength in result, while the medium value appears yield a
more conservative estimation of the strength. )is obser-
vation is consistent with Zheng et al.’s [13] work.

)e predicted COV of UCS is a decreasing function of the
blade rotation number, which is consistent with field ob-
servations reported by Fujii et al. [14] and Larsson et al. [15] in
deep mixing projects. Fujii et al. [14] reported that, when the
blade rotation number increases from 100 to 450, the mea-
sured COV of UCS decreases from 0.8 to 0.16. Larsson et al.
[15] analysed the strength of deep mixing columns stabilized
by lime-cement and found that the measured COV of
strength decreases from around 0.6 to 0.1 when the blade
rotation number increase from around 50 to 800. As a result,
Figure 9 is likely to provide a rule-of-thumb estimation of the
COV in strength prior to the construction of a deep mixing
project. Figure 9 and Table 3 could also serve as an extension
work and lab-study support to Chen et al. [16] for the ran-
domness of construction material properties and Pan et al.
[17] for the uncertain factors in underground constructions.

5. Conclusions

A few laboratory studies can be found on the topic of ap-
plying Portland-fly ash cement as a binder for stabilization of
marine clays, whereas these studies are mainly on the av-
erage level. In this study, the variation in strength of clays

stabilized by the CEM II/B-V type of Portland-fly ash ce-
ment has been considered. )e cement fraction of this type
of cement is specified from 65% to 79%. Two sources of
uncertainties were examined, that is, the uncertainty in
cement fraction of the binder, and the nonuniformity of
binder concentration resulted from the mixing process of
binder slurry with in situ clays. )ese two uncertainties were
quantitatively assessed as two random variables, and the
analyses were conducted through the Monte Carlo simu-
lations. )e results indicate that the strength of stabilized
clays is insensitive to the cement fraction within its specified
range.)is finding is likely to enable designers to balance the
usage of cement and fly ash from an environmental con-
sideration. By contrast, the strength is sensitive to the binder
concentration, and the variation in the binder concentration
is found to be amplified in the variation of strength. In this
study, the variations in binder concentration and in strength
are both linked up with the operational parameter of blade
rotation number. )e results could benefit engineers in
quality control prior to the soil stabilization.

Appendix

Relationship between Two State Variables and
Strength Equation

Based on the illustrations and definitions in Figure 3, the
following relationships can be derived:

MS + MF

MC

�
(1 − α)(1 + w)

(1 + A)αβ
+
1 − β
β

, (A.1)

MS + MC

MF

�
(1 − α)(1 + w)

(1 + A)α(1 − β)
+

β
1 − β

, (A.2)
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Figure 9: Prediction of coefficient of variation (COV) in unconfined compressive strength (UCS).

Table 3: Statistical and deterministic results of unconfined compressive strength.

Binder concentration (α) Unconfined compressive strength (qu) Remarks
Mean COV Mean Medium COV
0.33 0 1930 kPa — — Deterministic case
0.33 0.2 1985 kPa 1917 kPa 0.328 Reference case
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MW1 + MW2

MC

�
A(1 − α)(1 + w)

(1 + A)αβ
+

w

β
, (A.3)

MW1 + MW2 − 0.4MC

MF

�
A(1 − α)(1 + w)

(1 + A)α(1 − β)
+

(w − 0.4)β
(1 − β)

+ w.

(A.4)

By substituting equations (A.1)–(A.4) into equations (2)
and (3), the state variables α and β can be linked up with the
strength prediction equation. For simplicity, the in situ water
content w is set constant at 100%, and binder-water ratio of
the slurry A is set constant at 1. By doing so, the average mix
ratio is 2 : 0.655 : 0.345 : 3, being the same as that of the
laboratory tests.
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