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Abstract

The soil-cement column is a ground improvement technique formed by the deep mixing method. In coastal areas, the soil-cement
columns can deteriorate due to the attack of sulfate present in sea water. After long periods of exposure, the strength of these columns
may decrease significantly, ultimately resulting in failure in the worst case scenario. In this study, needle penetration tests, uniaxial com-
pression tests and a thermogravimetric analysis were applied to determine the extent of the deterioration of soil-cement columns exposed
to synthetic sea water. An analysis model was developed and calibrated using the experimental data to predict the change in the total
strength of the soil-cement columns as a function of time. The results show that the deterioration rate increases when the diameter of
the samples decreases. The model proposed has potential to be used to design more durable soil-cement columns in coastal environments.
� 2017 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The deep mixing method (DMM) is a soil stabilizing
treatment technique which is commonly applied in many
countries and is also used in the production of stabilized
soil-cement columns. In this technique, in-situ soil is
mixed with cement to create a high stiffness soil-cement
column (Alfaro et al., 1994; Broms and Boman, 1979).
This method has many advantages: it is technologically
simple, low cost, allows for fast construction, and the
end product has low permeability (Bruce, 2000; Chen
http://dx.doi.org/10.1016/j.sandf.2017.04.005
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et al., 2013; Dehghanbanadaki et al., 2013; Kitazume
and Terashi, 2013).

Among the many factors that affect the properties of the
soil-cement columns, the binder type, soil characteristics,
and mixing and curing conditions are the most important
(Kitazume and Terashi, 2013). It is well-documented that
in sea water environments or marine deposited soils, sulfate
can attack the columns causing a deterioration in strength
(Rajasekaran, 2005). Loss of column strength occurs as sul-
fate dissolves the pozzolanic minerals developed during the
concretion of the stabilized columns, producing ettringite
and magnesium hydroxide (Mather, 1964; Rajasekaran
and Narasimha Rao, 2005). Consequently, the strength
of the soil–cement column is significantly reduced and the
surface of the column can crack (Mather, 1964; Neville,
1995; Rajasekaran, 2005).

In sea water environments, the strength at the outer sur-
face of the column can decrease due to sulfate attack
(Hayashi et al., 2002; Ikegami et al., 2005; Kitazume
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Nomenclature

C cement ratio
CH porlandite – Ca(OH)2
D diameter
F resistance force
Fs safety factor
Leq. equivalent deterioration depth
ML mass loss
MM molar mass
NPR needle penetration resistance
P bearing capacity
[P] required bearing capacity
Pa allowable bearing capacity
Pnd bearing capacity of non-deteriorated soil-cement

column
Pd bearing capacity of deteriorated soil-cement col-

umn
R2 correlation coefficient

RP loss ratio
SW sea water
TGA thermogravimetric analysis
TGA-DSC thermogravimetric analysis with differential

scanning calorimetry
UCS unconfined compressive strength
a coefficient of effective width
b reliability coefficient of overlapping
c correction factor for strength variability
d diameter of non-deteriorated portion
h height
qu unconfined compressive strength
[qu] required unconfined compressive strength

½q28u � required unconfined compressive strength at
28 days

t time
r deterioration depth
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et al., 2002; Terashi et al., 1980). Fig. 1 illustrates the long-
term strength development of a soil-cement column
exposed to sea water. For the unaffected core portion,
while the strength gain proceeds in accordance with con-
crete theory, the column surface deteriorates due to attack
by sea water. Consequently, the significantly reduced
strength at the outer surface of the column with time results
in an overall reduction in total strength and, therefore, a
reduction in the bearing capacity of the column. This sug-
gests that it is necessary to determine when a given soil-
cement column will lose its bearing capacity.

There have been very few publications on the long-term
strength of stabilized soils exposed to sea water. It has been
concluded that the strength at the surface of columns
exposed to sea water decreases significantly and that this
can be attributed largely to calcium leaching (Hayashi
et al., 2002; Ikegami et al., 2005; Kitazume et al., 2002;
Terashi et al., 1980). In addition, Nishida et al. (2002)
observed strength changes in cement treated soil in Hok-
kaido, Japan, after 17 years and developed a calcium leach-
ing model to predict the strength of these columns in which
Deterioration

Strength
gain

Soil-cement column Strength

0

Sea
water

Fig. 1. Long-term strength o
the deterioration process was proportional to the square
root of time.

Recently, Cui et al. (2014) provided a method to predict
the deterioration process of cement treated soil in a saltwa-
ter estuarine region. The soils were treated with high
amounts of cement and exposed to a low sulfate concentra-
tion. They reported only small changes in the strength of
the soil-cement columns.

The purpose of this research is to measure the long-term
strength of laboratory prepared soil-cement samples
exposed to sea water using a soil obtained from the coast
of Newcastle, New South Wales, Australia. Needle pene-
tration tests, uniaxial compression tests and a thermogravi-
metric analysis were carried out to determine the strength
gain at the core portion and the extent of strength deterio-
ration at the outer surface of the soil-cement samples over a
12-month period. The experimental data was then used to
develop a model to determine the long-term strength
changes as a function of time. This model can be used to
evaluate the durability of the soil-cement columns con-
tacted directly with sea water.
Time

Strength gain

Strength reduction

Total strength

f the soil-cement column.
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2. Materials and methods

2.1. Soil-cement samples preparation

The soil used in the research was collected from the Rail
Flyover Modification project, Newcastle, New South
Wales, Australia. Its characteristics are shown in Table 1.
A dry mixing method (i.e. no liquid added) was applied
to stabilize the soil with a cement content of 120 kg/m3

to achieve the required unconfined compressive strength
of 250 kPa at 28 days. A mold made from PVC pipe with
a diameter of 53.2 mm and a height of 106.4 mm was used
to prepare specimens in accordance with the Japanese stan-
dard (JGS, 2005). The diameter, weight and height of sam-
ples were then measured to determine sample density. Only
samples with a density of at least 1.9 ± 0.01 g/cm3 were
used for further experiments.

Sixty-five specimens were divided into 4 groups, namely
G0, G1, G2 and G3 as shown in Table 2. All of the speci-
mens were cured in a fog room with a constant humidity of
95%. After 28 days of curing, when the specimens reached
the standard strength, the soil-cement samples were taken
out of the cylinder molds. At that time, uniaxial compres-
sion tests were conducted to measure the initial strength of
the samples in group G0. The specimens in group G1,
which were sealed in a container and cured under standard
conditions at 20 degrees in Celsius (�C) and 95% relative
humidity, were used as control samples. Groups G2 and
G3 were submerged in synthetic (100%) sea water (SW)
and synthetic (200%) sea water made up to twice the con-
centration of that used for 100% SW. These specimens were
Table 1
Soil characteristic.

Properties Value

Calcium (mg/kg) 4351.02
Magnesium (mg/kg) 2531.91
Potassium (mg/kg) 1561.31
Sodium (mg/kg) 1521.66
Phosphorus (mg/kg) 183.69
Sulfate (mg/kg) 785.61
Silicon (mg/kg) 367.0
Manganese (mg/kg) 107
Water content (%) 37.7
Liquid limit (%) 25
Plastic limit (%) 19
Density (g/cm3) 1.68

*Note: Soil classification: clayey-sand.

Table 2
Experimental test matrix.

Group G0 G1 G2 G3

Exposure condition – Control 100% SW 200% SW
Number of specimens 5 20 20 20
Uniaxial compression test x x x x
Needle penetration resistance – x x x
Thermogravimetric analysis – x – –
tested at the time of 58 days, 118 days, 208 days and
388 days.

2.2. Uniaxial compression test

The uniaxial compression test was conducted to measure
the unconfined compressive strength of all stabilized soil
samples using standard D2166-06. The compressive rate
of 1 mm/min was applied for these tests giving the axial
strain rate on the specimen of 0.625%/min (in the range
of 0.5–2%/min as a recommendation of the standard).

2.3. Needle penetration resistance (NPR) test

While the needle penetration test is not a standardized
test, it is used in concrete and soft rock tests (Klimesch
and Ray, 1997; Ngan-Tillard et al., 2011; Ulusay and
Erguler, 2012). Japanese researchers developed the needle
penetration system to indirectly determine the strength dis-
tribution of stabilized soil (Hayashi et al., 2002; Kitazume
et al., 2002; Takashi et al., 1999).

A needle penetration test system was designed and con-
structed in house based on the work of Kitazume et al.
(2002). A needle with a diameter of 0.75 mm and a length
of 15 mm was used to penetrate the samples. To measure
the needle penetration resistance force, a load-cell
(0.5 kN) was used in conjunction with the compression
machine. During the test, a penetration speed of 1 mm/
min was applied and the resistance force was recorded con-
tinuously (Kitazume et al., 2002). The relationship between
the UCS and NPR allows the radial strength change of the
stabilized soil (deterioration level) to be assessed.

2.4. Thermogravimetric analysis

Thermogravimetric Analysis with Differential Scanning
Calorimetry (TGA-DSC) is a technique used to measure
the thermodynamic and mass change of a material as a
function of temperature and/or time. In terms of soil-
cement mixing, TGA-DSC can be used to measure the
weight loss to determine the amount of calcium consump-
tion during hydration and pozzolanic reactions. Therefore,
if the TGA results of the soil-cement sample show a small
amount of calcium consumption, it reflects a high level of
deterioration and large amount of calcium leaching
(Horpibulsuk et al., 2013; Matschei, 2007).

The tests were conducted by heating the samples from
25 to 1000 �C at a rate of 10 �C/min (Mertens et al.,
2009). To prevent sample oxidation, nitrogen gas was
injected into the system at 60 ml/min (Mertens et al.,
2009). The mass losses in the range of 400–500 �C and
600–800 �C are the free portlandite and carbon-dioxide
(CO2) due to portlandite dehydration and carbonate
decomposition in the samples, respectively (Damidot
et al., 2011; Lawrence et al., 2006; Silva et al., 2014).

These values can be measured from TGA results and
through the application of Eqs. (1) and (2) (Silva et al.,
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Fig. 2. Strength gain of the soil-cement column (C = 120 kg/m3).
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2014). In the research, the amount of calcium consumption
at the positions of 2 mm, 5 mm and 10 mm depth of the
soil-cement samples were measured through Eq. (3) (Silva
et al., 2014).

CHfree ¼ ðMLCHð400–500 �CÞ �MMCHÞ=MMH2O ð1Þ
CHcarbonation ¼ðMLCO2ð600–800 �CÞ �MMCaCO3

Þ=MMCO2
ð2Þ

CHcal consumption ¼ CHcal0 � ðCHfree þ CHcarbonationÞ ð3Þ
where CHfree is the free portlandite (Ca(OH)2) content;
MLCHð400–500 �CÞ is the mass loss between 400 and 500 �C
corresponding to portlandite dehydration; MMH2O is the
molar mass of H2O, (18 g/mol); MMCH is the molar mass
of the portlandite, (74.09 g/mol); CHcarbonation is the calcium
consumed in the carbonation reaction; MLCO2ð600–800 �CÞ is
the mass loss between 600 and 800 �C corresponding to
carbonate decomposition; MMCaCO3

is the molar mass of
CaCO3, (100.08 g/mol); MMCO2

is the molar mass of
CO2, (48 g/mol); CHcal0 is the initial calcium content in
cement, CHcal0 ¼ 65% (as per manufactures specifications
of GP cement); CHcal consumption is the calcium consumption
in hydration and pozzolanic reactions.

3. Results

3.1. Unconfined compressive strength

Research has shown that the unconfined compressive
strength (UCS) of the soil-cement columns under non-
saline conditions is a function of the logarithm of time
(Hayashi et al., 2002; Kitazume et al., 2002; Saitoh,
1988). Consequently, the long-term compressive strength
gain of the non-deteriorated soil-cement columns can be
expressed in the following way:

qu ¼ Aþ B lnðtÞ ð4Þ
where qu is the strength of the soil-cement column (kN/m2);
t is the age of the soil-cement column (day); A and B are
constants.

The results of the uniaxial compression tests of the con-
trol samples which cured in air at 20 �C and 95% humidity
are plotted in Fig. 2. It can be seen that the strength of the
soil-cement samples has a linear relationship with loga-
rithm of time as supported by Hayashi et al. (2002). There-
fore, the strength gain of the non-deteriorated soil-cement
samples (control samples) is expressed as

qu ¼ 290:59þ 438:55 ln t ðR2 ¼ 0:98Þ ð5Þ
where R2 is correlation coefficient, which implies the fitting
precision. Eq. (5) can be used to predict the long-term
strength of the (control) soil-cement columns.

3.2. Needle resistance calibration

The needle penetration resistance (NPR) forces at the
depths of 2 mm, 5 mm and 10 mm, and the unconfined
compressive strength (UCS) results of soil-cement samples
are plotted in Fig. 3. It is clear that the NPR has a linear
relationship with the UCS. Eqs. (6)–(8) are fitted relation-
ships between NPR and UCS at different depths.

qu�2mm ¼ 138:55� F 2mm ð6Þ
qu�5mm ¼ 50:183� F 5mm ð7Þ
qu�10mm ¼ 32:658� F 10mm ð8Þ
where qu-2mm, qu-5mm, and qu-10mm are the strengths (kN/m2)
at the penetration depths of 2 mm, 5 mm and 10 mm; F2mm,
F5mm, and F10mm are the needle penetration resistance
forces (N) at the penetration depths of 2 mm, 5 mm and
10 mm, respectively.
3.3. Needle penetration resistance

The needle penetration resistance forces of the control,
100% SW and 200% SW samples at four different times
are plotted in Figs. 4–7. The effect of the sulfate attack at
the surface portion of the deteriorated samples is smaller
than the control samples, according to the needle penetra-
tion resistance forces. Therefore, the depth of deterioration
(r) of the soil-cement samples can then be determined by
the depth at which the deterioration curves meet the con-
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Fig. 4. Needle penetration resistance at 58 days.

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

0.1 1 10 100 

N
ee

dl
e 

pe
ne

tr
at

io
n 

 re
si

st
an

ce
 fo

rc
e 

- F
 (N

) 

Depth of penetration (mm) 

control 

100% SW 

200% SW 

Fig. 5. Needle penetration resistance at 118 days.
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Fig. 6. Needle penetration resistance at 208 days.
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Fig. 7. Needle penetration resistance at 388 days.

Table 3
The depths of deterioration in case of 100% SW.

Time (day) NPR results (mm) TGA results (mm)

58 3.81 3.88
118 4.78 4.61
208 6.34 6.59
388 8.51 8.34
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Fig. 8. TGA result at 58 days.
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trol curves. It can be seen from these figures that the dete-
rioration curves of the samples exposed to 100% SW meet
the control curves at the depths of 3.81 mm, 4.78 mm,
6.34 mm and 8.51 mm at the time of 58 days, 118 days,
208 days and 388 days, respectively (as shown in Table 3).
These depths are deemed to be the deterioration depths.

The deterioration occurs more quickly than in the sam-
ples exposed to 200% SW than those exposed to 100% SW.
The deterioration curves of 200% SW samples shown in
Figs. 4–7 are obviously below the control curves. There-
fore, it is necessary to conduct more experiments to deter-
mine the depth of deterioration of the soil-cement samples
exposed to 200% SW.

3.4. TGA results

TGA results at depths of 2 mm, 5 mm and 10 mm of the
soil-cement samples are shown in Figs. 8–11. The depth of
deterioration can be measured from the TGA results calcu-
lating the calcium consumption according to Eqs. (1)–(3).
The calcium consumption of the control samples fluctuates
slightly from 57% to 58%. However, because the calcium
consumption at the outer surface of the samples exposed
to sea water is much lower than inside, it can be concluded
that a large amount of calcium is leached at these locations.
The calcium leached from the samples as the effects of sul-
fate could be measured by TGA analysis.
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Fig. 9. TGA result at 118 days.
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Fig. 10. TGA result at 208 days.
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Fig. 11. TGA result at 388 days.
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In terms of the deterioration depths of the samples
exposed to 100% SW, Figs. 8–11 show that the TGA curves
of these samples meet the control curves at the depths of
3.88 mm, 4.61 mm, 6.59 mm and 8.34 mm at the time of
58 days, 118 days, 208 days and 388 days, respectively.
These results are compared with the results from needle
penetration tests in Table 3. It can be seen from Table 3
that the depths of deterioration of the soil-cement samples
exposed to 100% SW obtained from the TGA analysis are
similar with the results of the needle penetration tests.
Fig. 12. Deterioration depth by the time in case of 100% SW.
4. Prediction of the depth of deterioration

The deterioration depth of the soil-cement samples
exposed to 100% SW was determined by the needle pene-
tration test and TGA analysis. The results obtained from
these tests shown the same trend of deterioration. By com-
bining these results, a more reliable prediction model of
deterioration depth can be developed.

According to Ikegami et al. (2005) and Nishida et al.
(2002), the deterioration progress is approximately linear
with the logarithmic time, and the deterioration depth is
a function of the square root of time. The deterioration
depth of the soil-cement columns is therefore determined as

log r � log r0
log t � log t0

¼ 1

2
ð9Þ

where r is the deterioration depth (mm) at t; r0 is the dete-
rioration depth at t0; and t is the time (day) from t0.

The deterioration depths of the soil-cement samples
exposed to SW observed from needle penetration tests
are plotted in Fig. 12. It is clear that the trend of deteriora-
tion depth is similar to that of Ikegami et al. (2005) and
Nishida et al. (2002), and the depth of the deterioration
of soil-cement samples can be expressed as

r ¼ 0:45
ffiffi
t

p ðR2 ¼ 1Þ ð10Þ
However, because the soil-cement samples were

immersed in sea water after 28 days curing in air in this
study, deterioration does not occur at t = 28 days (r = 0).
Therefore, Eq. (10) is applied for t > 28 days only (i.e. only
after exposure to sea water).

5. Predicting the long-term strength of the soil-cement

columns

5.1. Strength prediction model

In marine environments, there are two process in the
change in strength that occur in the soil-cement columns:
the strength gain at the core portion of the columns, and
the strength deterioration at outer boundary as shown in
Fig. 13. Hence, the total bearing capacity of the soil-
cement column can be determined as

P ¼ quðr; tÞ
pd2

4
þ
Z r

0

0:5pðD� xÞquðx; tÞdx ð11Þ

where P is the total bearing capacity of the soil-cement col-
umn (kN); quðr; tÞ is strength at the non-deteriorated por-
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tion of the column; quðx; tÞ is the strength of the deterio-
rated portion; D is the diameter of the column (mm); t is
the age of the column (day); and d is the diameter of
non-deteriorated portion, d = D - 2r.

Fig. 13 shows that quðx; tÞ depends on three main param-
eters quðr; tÞ; r and quð0; tÞ. For quðr; tÞ; the strength gain of
the non-deteriorated part of the column depends on com-
position and time. It is equal to the strength of the soil-
cement column cured under the control condition as shown
in Eq. (5). The deterioration depth, r, depends on the effects
of sea water, composition and time. For the soil-cement
column exposed to 100% SW, the deterioration depth can
be determined by Eq. (10).

The strength at the surface of the samples exposed to sea
water, quð0; tÞ; also depends on the effects of sea water,
composition and time. Because the head of the needle used
in this study was tiny and sharp, quð0; tÞ could not be mea-
sured by the needle penetration test. Therefore, the
strength at 2 mm, which were converted from the measured
NPR using Eq. (6), was used as quð0; tÞ. In addition, a ratio
of strength at the surface of the deteriorated samples to the
control samples, quð0; tÞ=quðr; tÞ; was used to determine the
effects of sea water on the outer position. The strength ratio
of the soil-cement samples exposed to 100% SW obtained
from Fig. 14 is expressed as

quð0; tÞ
quðr; tÞ

¼ 1:522� 0:152 ln t ð12Þ
0.6 
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0.8 

q u
(x

,t)
 / 

q
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Eq. (5) is substituted into Eq. (12) to obtain the strength
at the surface of the soil-cement columns:
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Fig. 14. Strength ratio at the surface of the samples.
quð0; tÞ ¼ ð1:522� 0:152 ln tÞ � ð290:59þ 439:55 ln tÞ
ðR2 ¼ 0:98Þ ð13Þ

Solving Eq. (13) at quð0; tÞ ¼ 0 gives t = 22318 days.
Fig. 15 and Table 4 show the ratios of the strength at the

deteriorated positions of the samples exposed to 100% SW
to the strength of the control samples, quðx; tÞ=quðr; tÞ. It
can be seen that strength change at the deteriorated portion
can be expressed as a function of the logarithm of depth
(lnx). Moreover, the boundary conditions of quðx; tÞ
obtained from Fig. 13 include

For x = 0,

quðx; tÞ ¼ quð0; tÞ ð14Þ
For x = r,

quðx; tÞ ¼ quðr; tÞ ð15Þ
Then, the strength at the deteriorated positions of the

samples is expressed as

quðx; tÞ ¼
quðr; tÞ � quð0; tÞ

ln r
ln xþ quð0; tÞ ð16Þ

The bearing capacity of the soil-cement column exposed
to 100% SW can be calculated by the following: (see
Fig. 16)

If t < 22318 days;

P ¼ quðr; tÞ
pd2

4
þ p

rðD� rÞ½quðr; tÞ ln r � quðr; tÞ þ quð0; tÞ�
ln r

ð17Þ
If t P 22318 days;

P ¼ quðr; tÞ pd2

4
þ p rðD�rÞ½quðr;tÞ ln r�quðr;tÞ�jquð0;tÞj�

ln r

�p LðtÞðD�rÞ½quðr;tÞþjquð0;tÞj ln LðtÞþquðr;tÞ ln r�quðr;tÞ�jquð0;tÞj�
ln r

ð18Þ
0.5 
0 1 2 3 4 5 6 7 8 9 10 11 12 

Depth (mm) 

t = 388 days 

Fig. 15. Strength distribution at the deteriorated portion of the samples.

Table 4
Strength change trend at the deteriorated portion.

Time (day) qu(x,t) R2

58 qu(x,58) = 0.0806 ln(x) + 0.8563 0.86
118 qu(x,118) = 0.1338 ln(x) + 0.7367 0.90
208 qu(x,208) = 0.1685 ln(x) + 0.6346 0.92
388 qu(x,388) = 0.2401 ln(x) + 0.4486 0.98
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Fig. 16. Strength distribution when t > 228318 days.

Fig. 17. Total bearing capacity of soil-cement columns (D = 54 mm).
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where jquð0; tÞj is the absolute value of quð0; tÞ when
t P 22318days; L(t) is the depth when quðx; tÞ ¼ 0. L(t)
can be calculated by:

LðtÞ ¼ e
jquð0;tÞj�ln r

quðr;tÞþjquð0;tÞj ð19Þ
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Fig. 18. Predicted bearing capacity of soil-cement column exposed to
100% SW.
5.2. Model calibration

Table 5 and Fig. 17 demonstrate the total bearing capac-
ity of the soil-cement columns with the diameter of 54 mm
calculated by Eqs. (17) and (18) in comparison with exper-
imental results of the control samples and the samples
exposed to 100% SW. It is clear that the results calculated
by the analysis model are very close to the experimental
data. Therefore, this analysis model can be used to predict
the strength change of the soil-cement columns exposed to
sea water.

5.3. Model application

Fig. 18 shows the predicted bearing capacity of the col-
umns exposed to sea water with various column diameters
D = 0.3 m, 0.5 m and 0.7 m. It can be seen from Fig. 18
that the deterioration rate increases as the size of the col-
umn decreases.

To determine the level of deterioration, a loss ratio was
calculated by dividing the reduction of bearing capacity of
deteriorated columns to the total bearing capacity of the
non-deteriorated columns.

Rp ¼ Pnd � Pd

Pnd
ð20Þ

where RP is the loss ratio; Pnd is the bearing capacity of the
non-deteriorated soil-cement column; and Pd is the bearing
capacity of the deteriorated soil-cement column.
Table 5
The comparison between prediction model and experimental result.

Time (day) r (mm) qu (kN/m2) P1 (N) P2 (N) Prediction model

P (N) (100% SW)

58 3.43 2071.09 3615.56 520.28 4135.84
108 4.68 2343.70 3669.24 744.76 4414.00
218 6.64 2651.69 3451.84 1105.41 4557.25
388 8.86 2904.49 3001.26 1504.04 4505.30
Fig. 19 shows the loss ratio of deteriorated columns with
the diameters of D = 0.3 m, 0.5 m and 0.7 m. For the
D = 0.7 m column, about 25% of the bearing capacity is
lost after 100 years while the column with D = 0.3 m shows
double the deterioration rate for the same period. That is,
the smaller column has a faster deterioration rate.

To evaluate the durability of the soil-cement columns, it
is necessary to determine a required bearing capacity and
an allowable bearing capacity of the soil-cement columns.
According Kitazume and Terashi (2013), the required bear-
ing capacity can be calculated as follows:
Experimental result

P (N) (control samples) P (N) (100% SW) P (N) (control samples)

4743.26 4247.23 4188.31
5367.60 4510.97 5499.25
6072.96 4544.29 5927.34
6651.93 4659.60 6635.57



0.00 

0.10 

0.20 

0.30 

0.40 

0.50 

0.60 

0 20 40 60 80 100 120 

R P
 

Time (year) 

D=0.3m 

D=0.5m 

D=0.7m 

Fig. 19. The loss ratio of bearing capacity of soil-cement columns.
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½P � ¼ 2:5
p
4
D2½q28u � ð21Þ

where ½q28u � is the required unconfined compressive strength

at 28 days, ½q28u � ¼ 250 kPa.
The allowable bearing capacity can be calculated by

Pa ¼ 1

F s
abcP ð22Þ

where a is coefficient of effective width of the column (0.8–
0.9); b is reliability coefficient of overlapping (0.8–0.9); c is
correction factor for strength variability, c = 0.55; Fs is
safety factor, Fs = 2; and P is total bearing capacity of
the column (kN).

In Fig. 20, the ratios between the allowable bearing
capacity and the required bearing capacity (Pa/[P]) show
that within 45 years, the allowable bearing capacity of the
soil-cement columns is higher than the required bearing
capacity (Pa > [P]) in the case of D = 0.3 m. Nevertheless,
after that period the structure can collapse because the
bearing capacity of the column is lower than the required
bearing capacity (Pa < [P]). Therefore, it is of utmost
importance to take size into account when designing soil-
cement columns in coastal areas.
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Fig. 20. The durability of the soil-cement column.
6. Conclusions

In this study, experiments on the strength change of the
soil-cement column were conducted by the uniaxial com-
pression test, needle penetration resistance and TGA anal-
ysis. In addition, the strength prediction model was
developed to predict the total strength change of the soil-
cement columns constructed in sea water. The results of
this study can be summarized as follows:

1. The needle penetration resistance test is a suitable
method to determine the depth of deterioration in soil-
cement columns.

2. At high sulfate concentrations, the deterioration process
in the soil-cement column occurs at a faster rate, which
results in deeper penetration.

3. TGA analysis can be used to determine the amount cal-
cium consumption in both hydration and the pozzolanic
reaction in the soil-cement column. The free portlandite
(Ca(OH)2) mass loss between 400 and 500 �C can be
used to calibrate the soil-cement column durability
model.

4. The proposed model can be used to predict the change
in strength of the non-deteriorated as well as the deteri-
orated portion of the soil-cement columns exposed to
synthetic sea water.

5. The deterioration of smaller diameter soil-cement col-
umns displays a higher rate of strength loss. For exam-
ple, soil-cement columns with a diameter of 0.3 m
exposed to sea water may collapse (Pa < [P]) after
45 years. As such, the size of the columns should be
carefully considered in the design of soil-cement col-
umns in coastal areas.
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