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placed for land reclamation (CDIT 2001, Kitazume and 
Satoh 2003). The characteristics of the stabilized soil 
have been studied by laboratory and field tests (Hayano 
and Kitazume 2005). In some applications, the stabilized 
soil is temporary placed at provisional space, and is 
excavated and reclaimed at the final site after certain 
period due to several reasons. In the cases, the 
stabilized soil in which the chemical reaction has already 
proceeded is disturbed during the excavation and 
transportation processes, which causes considerable 
decrease in the stabilized soil strength at the final site 
(Kitazume et al. 2007). The physical and mechanical 
properties of stabilized soil have been investigated in 
detail for many years (e.g. Saitoh 1988, Terashi et al.
1977, 1980 and 1983). It is important to investigate the 
effect of soil disturbance on the physical and mechanical 
properties of the stabilized soil for promoting further 
applications of the method. 

The authors have conducted a research project to 
investigate the effect where series of laboratory tests are 
properties of the cement stabilized Kaolin clay in the 
unconfined compression test. 

2. Laboratory tests 

2.1 Material and test procedure 

The Kaolin clay was stabilized and tested in 
unconfined compression, with Ordinary Portland Cement 
(OPC) as a binder. The physical properties of the Kaolin 
clay are summarized in Table 1. The powder of Kaolin 
clay was throughout mixed with tap water to make 
uniform cement slurry having the water content of 120%. 
The cement slurry and the OPC in dry form, aw = 5% and 
10%, were mixed for 5 min., where the binder content, aw,
is defined as the dry weight ratio of binder and soil. After 
the mixing, the stabilized soil was molded by the tapping 
technique to remove any trapped air according to the 
JGS Standard (2009). In this technique, the stabilized soil 
mixture was put into a plastic mold, 50 mm in diameter 
and 100 mm in height, in three layers. For each layer, the 
mold was tapped against floor 100 times. After filling, the 
top surface of the soil mixture were smoothed out and 
sealed with vinyl sheet for curing.  

In the case of disturbed soil specimen, the stabilized 
soil mixture was stored and cured in an airtight plastic 
bag first to avoid any change in water content. After 3 or 
7 days, the soil mixture in the bag was through disturbed 
by being mixed for 2 min. in a mixer and compacted into 
the mold in the same way as the un-disturbed soils. 

After the prescribed curing period, the soil samples 
were subjected to the unconfined compression test. 

Table 2 shows the characteristics of the specimens. As 
the triaxial test apparatus was used in this study, the 
axial strain ratio of 0.4 %/min. was adopted for the test. 
The hand vane share test was conducted on the 
stabilized soil immediately after the disturbance to 
measure their undrained shear strength. The vane test 
was also performed on some disturbed stabilized soils 
whose strength was not large enough for the unconfined 
compression test. The two types of vane apparatus were 
used, whose diameter and height were 10 mm and 20 
mm, or 20 mm and 40 mm respectively. The hand cone 
penetration test was also performed on several soil 
specimens in order to calibrate the undrained shear 
strength measured in the unconfined compression test, 
the hand vane shear test and the cone penetration test. 
The cone apparatus was a steel column, whose diameter 
and top apex were 20 mm and 30 degree respectively. In 
the test, the penetration load was measured at the 
penetration depths of 10 mm, 20 mm and 37.3 mm (when 
the tapered section was fully penetrated). The test was 
performed five times per case to obtain reliable measured 
data. 

Table 1. Physical properties of Kaolin clay. 

Property Value

Soil particle density, s (g/cm3) 2.61
Liquid limit, wl (%) 77.5
Plastic limit, wp (%) 30.3

Plasticity index, Ip (%) 47.2

Table 2. Specimen numbers and characteristics of specimens. 

Specimen No. aw Disturbance

SS_5N 5% un-disturbed
SS_5D3 5% disturbed after 3 days
SS_5D7 5% disturbed after 7 days
SS_10N 10% un-disturbed

SS_10D3 10% disturbed after 3 days
SS_10D7 10% disturbed after 7 days

3. Test results and discussions 

As the research is on-going, the test results up to 6 
months curing are shown in this study. 

3.1 Water content 

The water content of the specimen is shown in Figs. 
1(a) and 1(b) for aw = 5% and 10% respectively. The 
figures show that the water contents of three types of 
samples are almost coincide and show negligible change 
throughout the curing period up to 6 months. This reveals 
that the soil disturbance process was conducted in 
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undrained condition and the curing process has been 
well controlled. 
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(b) aw = 10% 
Fig. 1. Water content with curing period. 

3.2 Unconfined compression test 

3.2.1 Stress-strain curve 
The stress-strain curves of un-disturbed stabilized soil, 

stabilized soils disturbed after 3 days and 7 days at 
curing period of 28 days are shown in Figs. 2(a) and 2(b) 
for aw = 5% and 10% respectively. 

As seen in Fig. 2(a), in the case of aw = 5%, the 
deviator stress of the un-disturbed stabilized soil, SS_5N 
(the specimen numbers and the characteristics of 
specimens are summarized in Table 2), increases rapidly 
with the axial strain increases, reaching peak strength 
when the axial strain is approximately 1% and then 
decreasing quickly after the peak strength. The deviator 
stress of the stabilized soil disturbed after 3 days, 
SS_5D3, increases gently as the axial strain increases, 
reaches a peak when the axial strain is approximately 3% 
and decreases gently. Its peak strength is smaller than 
that of SS_5N. The deviator stress of the stabilized soil 
disturbed after 7 days, SS_5D7, increases and 
decreases similarly to SS_5D3 and the peak strength is 

almost the same but at a large axial strain of 
approximately 5%.  

Figure 2(b) shows the measured data in the case of 
aw = 10%, while the unconfined compressive strengths of 
three types of the stabilized soils are larger than those of 
aw = 5%. In particular, the unconfined compressive 
strength of the un-disturbed stabilized soils, SS_10N, is 
quite larger than that of SS_5N. The axial strain at the 
peak strength in SS_10N is smaller than that of SS_5N. 

The figures reveal that the un-disturbed stabilized soil 
shows a brittle characteristic with quite large strength at 
small axial strain and quite small residual strength but the 
disturbed stabilized soils show a ductile characteristic 
with small strength and stiffness. 
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Fig. 2. Stress-strain curves at the curing period of 28 days. 

3.2.2  Unconfined compression strength 
The relationship between the unconfined compressive 

strength, qu, and the curing period is shown in Fig. 3. The 
hand vane shear test and hand cone penetration test 
were performed on some disturbed stabilized soils whose 
strength was not large enough for the unconfined 
compression test. The vane shear strength and cone 
penetration resistance were converted to the unconfined 
compressive strength based on the relationships 
obtained in advance and shown in Figs. 3(a) and 3(b) for 
aw = 5% and aw = 10% respectively.  
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As shown in Fig. 3(a), the unconfined compressive 
strength, qu, of SS_5N increases to 70 kPa with the 
curing period. The qu of SS_5D3 and SS_5D7 are 
smaller than that of SS_5N. After being disturbed, the 
strengths of these disturbed stabilized soils increase 
gently with the curing period. It can be seen in the figure 
that the strengths of the disturbed stabilized soil are 
almost same irrespective of the age of disturbance. 

In Fig. 3(b), the qu of SS_10N increases rapidly 
during the early curing period, and then increases 
gradually with the curing period. The strengths of 
SS_10D3 and SS_10D7 also increase with the curing 
period but the increasing ratio is smaller than that of 
SS_10N. The magnitudes of qu of SS_10D3 and 
SS_10D7 are smaller than SS_10N. The strength 
increase phenomenon of the disturbed stabilized soils 
are almost the same as those of aw = 5% (Fig. 3(a)). 
Though it can be seen that the qu of SS_10D7 is 
somewhat larger than that of SS_10D3, further study 
may be necessary to study the reason. 

In order to clarify the effect of the soil disturbance on 
the strength, the strength ratios are shown in Figs. 4(a) 
and 4(b) for aw = 5% and 10% respectively, where the  
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(b) aw = 10% 
Fig. 3. Relationship between unconfined compressive strength 

and curing period. 

strength ratio is defined by the unconfined compressive 
strength of the disturbed clay against that of un-disturbed 
clay. In Fig. 4(a), aw = 5%, it is found that the strength 
ratio of SS_5D3 is about 20% soon after the disturbance 
and gradually increases to about 40% with the curing 
period. The strength ratio of SS_5D7 shows almost same 
strength ratio as that of 3 days.  

 In Fig. 4(b), aw = 10%, it is shown that the strength 
ratio of SS_10D3 is about 10 to 20% soon after the 
disturbance and increases to about 40% with the curing 
period. The strength ratio of SS_10D7 is about 30% soon 
after the disturbance which is comparatively larger than 
that of SS_10D3. The ratio increases with the curing 
period without any a constant ratio. The figures reveal 
that the soil disturbance causes large strength reduction 
soon after the disturbance and the strength ratio then 
gradually increases. The effect of the soil disturbance is 
more dominant in the stabilized soil with large binder 
content than that with small binder content.
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Fig. 4. Relationship between unconfined compressive strength 
ratio and curing period. 

3.2.3  Axial strain at failure 
The relationship between the axial strain at failure, f

and the curing period is shown in Figs. 5(a) and 5(b) for 
aw = 5% and 10% respectively. In Fig. 5(a), aw = 5%, the 
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f of SS_5N is around 1 to 2% and remains constant 
regardless of the curing period. In the case of SS_5D3, 
the hand vane test and cone penetration test were 
performed at the 3 days' curing instead of the unconfined 
compression test as explained before. Therefore no data 
in the axial strain was measured in these tests. The f of 
SS_5D3 at 7 days' curing (4 days after the disturbance) 
is quite large of about 5 to 10% and decreases rapidly to 
about 3% with the further curing. In the case of SS_5D7, 
no data was measured before 28 days' curing due to the 
above reason. At 28 days' curing (21 days after the 
disturbance), it is found that the f is about 3 to 5%, which 
is larger than that of SS_5D3. Although its phenomenon 
in the f was not measured before 28 days, it can be 
assumed that the f is quite large value at the disturbance 
and decreases with the curing period, as similar to that of 
SS_5D3.     

In Fig. 5(b), aw = 10%,  the axial strain at failure of 
SS_10N is around 1% and remains constant regardless 
of the curing period. In the case of the disturbed 
stabilized soils, a similar phenomenon as explained 
above can be seen in cases of SS_10D3 and SS_10D7. 
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Fig. 5. Relationship between axial strain at failure and curing 

period. 

3.2.4  Elastic modulus 
The relationship between the elastic modulus, E50,

and the curing period is shown in Figs. 6(a) and 6(b) for 

aw = 5% and 10% respectively. In Fig. 6(a), aw = 5%, the 
E50 of SS_5N slightly increases with the curing period. In 
the case of the disturbed soils, SS_5D3 and SS_5D7, on 
the other hand, the E50 is considerably smaller than that 
of SS_5N and remains almost constant with the curing 
period. As mentioned before, the E50 was not measured 
on some disturbed soils. In Fig. 6(b), aw = 10%, the E50

of SS_10N is quite large value of 10 to 30 MPa initially 
and increases rapidly to 40 to 80 MPa with the curing 
period. In the case of the disturbed soils, the E50 values 
are small and then increases only slightly with the curing 
period. 
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Fig. 6. Relationship between elastic modulus and curing period. 

4. Microscopic examination 

A microscopic view of the stabilized soils was 
examined to clarify the change in their mechanical 
behavior during curing. A microscope used in this study 
was HITACHI, S-3400N, as shown in Fig. 7, where 
microscopic views of stabilized soil were taken under the 
accelerating voltage of 15 kV and the illumination current 
of 50 μA condition. Five types of stabilized soil were 
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prepared as shown in Table 3. All the soils were dried at 
110 degree in Celsius in an oven, before taking picture.  

Figure 8 shows the microscopic photographs of the 
stabilized soils. In general, dark and white parts, and 
completely black part in the photograph correspond to flat 
surface and edge of cement hydrates, and void, 
respectively. 

In the specimen (1), Fig. 8(a), quite large number of 
cobb-like fine particles can be seen. It is estimated that 
high strength of the sample was mobilized by these fine 
particles together with closely tightened fine particles by 
the help of the hydrates adhesion. 

In the specimen (2) as shown in Fig. 8(b), on the 
other hand, no fine particles can be found but quite large 
number of small voids can be found. These voids might 
act as sponge when the soil was subjected to loading. It 
is considered that these voids might make the specimen 
ductile behavior. 

In the specimen (3), as shown in Fig. 8(c), no voids 
can be seen, but it is found that coarse particles are 
closely compacted. 

In the specimen (4), Fig. 8(d), small voids can be 
seen in some places, together with relatively large void at 
the center which might not be caused by mechanical 
action but by dissolution of calcium ion in the long-term 
curing. This dissolution of calcium ion may cause the 

Fig. 7. HITACHI S-3400N microscope. 

Table 3. Condition of specimen. 

Specimen 

No.

Binder 

content, aw

Disturbance Curing 

period

(1) 15% un-disturbed 14 days
(2) 15% disturbed at 3days 14 days
(3) 15% disturbed at 3days 4 days

(4) 10% un-disturbed 1.5 years
(5) 10% disturbed at 3days 1.5 years

(a) Specimen (1) 

(b) Specimen (2) 

(c) Specimen (3) 

(d) Specimen (4) 

(e) Specimen (5) 
Fig. 8. Microscopic photos (*1000). 



145
M. Makino et al. / Lowland Technology International 2015; 17 (3):139-146

decrease in the strength. 
In the specimen (5), Fig. 8(e), it can be seen that the 

coarse particles are formed without small voids which 
was found in the specimen (2).  

According to the microscopic examinations, it is 
estimated that many fine voids are generated by the 
disturbance effect, which cause strength reduction. With 
curing period, these voids are gradually filled with hydrate, 
which gives rise to strength gain and brittle behavior. 

5. Conclusions 

The series of laboratory tests was performed to 
discuss the effect of soil disturbance on the water content 
and the stress - strain characteristics of the cement 
stabilized Kaolin clay in the unconfined compression test. 
As the research is on-going, the test results up to 6 
months curing are shown in this paper. The major 
conclusions derived in the study are briefly summarized 
as follow.  

(1) The un-disturbed stabilized soil shows brittle 
behavior with large peak strength and large elastic 
modulus and small axial strain at failure. The unconfined 
compressive strength of the un-disturbed stabilized soil 
increases with the curing period up to 6 months. 

(2) The unconfined compressive strength of the 
stabilized soils decreases considerably to 10 to 20% of 
that of the un-disturbed stabilized soils due to the 
disturbance. The strength gradually increases to 
approximately 25 to 40% of that of the un-disturbed 
stabilized soils with the curing period. The failure strain of 
disturbed stabilized soils is also influenced by the 
disturbance. The failure strain of disturbed soils is found 
to be larger than that of the un-disturbed soils and the 
failure strain of disturbed soils decreases quickly with the 
curing period. The elastic modulus of the disturbed 
stabilized soils is considerably smaller than that of un-
disturbed stabilized soils regardless of the binder content. 

(3) According to the microscopic examinations, it is 
estimated that many fine voids are generated by the 
disturbance effect, which causes strength reduction. With 
a curing period, these voids are gradually filled with 
hydrate, which gives rise to strength gain and brittle 
behavior. 

References 

Coastal Development Institute of Technology (CDIT),
2001. Technical Manual on Pneumatic Flow Mixing 
Method. 

Correia, A.A.S., Venda Oliveira P.J. and Lemos, L.J.L.,
2013. Prediction of the unconfined compressive 
strength in soft soil chemically stabilized, 18th 
International Conf. Soil Mechanics and Geotechnical 
Engineering, Paris, France. 

EuroSoilStab, 2001. Development of design and 
construction methods to stabilise soft organic soils. 
Design guide soft soil stabilization. CT97-0351, EC 
Project No. BE 96-3177, Industrial & Materials 
Technologies Programme (BriteEuRam III), European 
Commission: pp 94. 

Hayano, K. and Kitazume, M., 2005. Strength Variance 
within Cement Treated Soils Induced by Newly 
Developed Pneumatic Flow Mixing Method, Proc. 
ACSE, Geo-Frontiers 2005, CD-ROM. 

Japan Cement Association, 2012. Soil Improvement 
Manual using Cement Stabilizer (4th edition). Japan 
Cement Association: pp 442. (in Japanese). 

Japanese Geotechnical Society (JGS), 2009. Practice for 
making and curing stabilized soil specimens without 
compaction. JGS 0821-2009, 1: 426-434 (in 
Japanese). 

Kitazume, M. and Satoh, T., 2003. Development of 
Pneumatic Flow Mixing Method and its Application to 
Central Japan International Airport Construction, J. 
Ground Improvement, 7 (3), 2003. 

Kitazume, M., Takaba, Y., Kamado, N. and Horii, R.,
2007. Engineering property of treated soil by 
pneumatic flow mixing method (Part 6) 'Strength 
characteristics of treated soil for fill material', Proc. of
the 42nd Annual Conf. of the Japanese Geotechnical 
Society: 613-614 (in Japanese). 

Saitoh, S. 1988: Experimental study of engineering 
properties of cement improved ground by the deep 
mixing method. Doctoral thesis, Nihon University: pp 
317. (in Japanese). 

Terashi, M., Okumura, T. and Mitsumoto, T. 1977. 
Fundamental properties of lime-treated soils. Report 
of the Port and Harbour Research Institute, 16 (1): 3-
28 (in Japanese). 

Terashi, M., Tanaka, H., Mitsumoto, T., Honma, S. and
Ohhashi, T. 1983. Fundamental properties of lime 
and cement treated soils (3rd Report). Report of the 
Port and Harbour Research Institute, 22 (1): 69-96 (in 
Japanese). 

Terashi, M., Tanaka, H., Mitsumoto, T., Niidome, Y. & 
Honma, S. 1980. Fundamental properties of lime and 
cement treated soils (2nd Report). Report of the Port 
and Harbour Research Institute, 19 (1): 33-62 (in 
Japanese). 



146
M. Makino et al. / Lowland Technology International 2015; 17 (3):139-146

Symbols and abbreviations 

E50 Elastic modulus 
qu Unconfined compressive strength 
f Axial strain at failure 


