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ABSTRACT: The development of ground improvement technology by means of permeation
grouting using ultra microfine cement has been underway by the authors’ group, especially for
mitigating effects of soil liquefaction on existing structures built on liquefiable soil deposits. In
the previous study, field tests were conducted on permeation grouting of ultra microfine cement
to examine whether a zone of improved soil of an affordable size can be created in sand
deposits, which would be expected to contribute to improving ground conditions for counter-
measure against soil liquefaction. It is proved that the columns of improved soil with 1.5 to 2
metres in diameter and about 2.5 metres high can be built up in sand deposits. On the other
hand, it is known that the injected cement solution in sand deposits is accompanied by concen-
tration in the process of permeation grouting. Therefore, it is necessary to examine the relation
between strength and water cement ratio of improved soil. In the present study, the strength
characteristics of the improved body by the permeation solidification method using an ultra
microfine cement are examined by laboratory 3 dimensional permeation grouting tests. As a
result, the strength of the improved soil in the field may be higher than the strength obtained by
the laboratory mixing test due to the influence of concentration. Based on the improvement rate
and the water cement ratio of the improved soil in a series of laboratory tests, the influence con-
centration of the cement solution on the shape and strength of the improved soil was discussed.

1 INTRODUCTION

During the Great East Japan Earthquake (Mw = 9.0) in 2011, soil liquefaction occurred in a
wide area from the Tohoku region along the Pacific coast to the Kanto region around Tokyo
Bay. Even liquefaction occurred in landfills along the Tokyo Bay, which was approximately
380 to 400 km from the epicenter. Especially in high-density residential areas, many houses
and roads were seriously damaged by the liquefaction. Therefore, it is extremely important to
develop a liquefaction mitigation method that can be constructed under the foundation of
existing structures. The authors’ group has been continuing to develop technology for perme-
ation grouting using ultra microfine cement for ground improvement to mitigate soil liquefac-
tion, by conducting laboratory and field permeation tests, (Hashimoto et al. 2015, Wang et al.
2016). In particular, from the field tests for alluvial sandy layer, an improved soil with a diam-
eter of roughly 2 m could be created. On the other hand, in order to design a ground improve-
ment against liquefaction, it is necessary to predict the behavior of ground and the effect of
improvement during earthquake. Laboratory mixing tests are effective to obtain deformation
characteristics and strength characteristics of the improved soil required for design. However,
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in the permeation grouting method using a cement grouting material, condensation and solidi-
fication occurs after injection in situ. In order to use the strength obtained from the laboratory
tests for design of a ground improvement, it is necessary to consider the influence of condensa-
tion. In this study, the relation between the cement concentration and the strength characteris-
tics was compared and examined from the results of the laboratory mixing tests and the three
dimensional laboratory permeation tests. The soil parameter for the seismic design considering
the influence of the concentration was discussed.

2 MECHANISM OF PERMEATION GROUTING METHOD USING ULTRA
MICROFINE CEMENT

2.1 Outline of permeation grouting method using ultra microfine cement

Permeation grouting has been widely used for mitigating effects of soil liquefaction on existing
structures built on liquefiable soil deposits. Most of such permeation grouting technology
have been based on sodium silicate solutions, (Tsukamoto et al. 2006). However, although
sodium silicate solution grouting shows high permeability, improved soil is not strong and
durable enough. On the other hands, cement grouting using conventional material (ex. super-
fine cement), as shows in Figure 1a has provided high strength improved soil, it was difficult
to permeate into the sand. However, with the recent advent of ultra microfine cement those
particle diameters is not over 1 µm, (Kanazawa 2012), as shows in Figure 1b, it has become a
relevant issue to seek advance of technology for permeation grouting using such micro-scaled
cement materials, (Hashimoto et al. 2015). Ultra microfine cement has smaller particle size
than conventional material, as shown in Figure 2. The advantage of using cement solutions
for grouting instead of sodium silicate solutions lies. In the fact, it be able to produce more
lasting and resilient improved soil structures that having higher strength and stiffness.

2.2 Findings in previous studies about mechanism of permeation solidification of cement solution

In the permeation grouting method using a cement solution, as shown in Figure 3, the water in
the cement solution functions just like a transporting member for cement particles, and the
cement particles permeate into voids. In the process of solidification, adjacent soil particles are
bonded by hydration reaction of cement particles. In the process from penetration to solidifica-
tion, the cement particles are not always reachable to the permeability of target improving soil
because of the influence of fine particle content and porosity. For this reason, the size of the
improved body at the site may be smaller than the target improved diameter (Koizumi et al.
2012). In this case, the water in the cement solution may be drained out of the improvement area,
and the improved soil is solidified with a concentration of cement solution. Therefore, the strength
of the improved soil should be evaluated by the water cement ratio after the improvement.

Figure 1. Picture of cement material using by grouting method (Kanazawa. 2012).
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In consideration of the above result, the authors (Hashimoto et al. 2016) derive Equation (1)
on the relationship between the water cement ratio of the improved soil after solidification and
the water cement ratio of the injected material. In addition, using the equation (1), the authors
examined the field injection test results and quantitatively investigated the effective penetration
injection promotion method quantitatively, (Hashimoto et al. 2016, Wang et al. 2016, Hashi-
moto et al. 2017).

ðw=cÞis ¼
V � n

Q
ðw=cÞcs þ

ρw

ρc

� �

�
ρw

ρc

ð1Þ

where (w/c)is = water cement ratio of improved soil; V = volume of improved soil; n = por-
osity; Q = injection volume; (w/c)cs = water cement ratio of cement solution; ρw = density of
water; ρc = density of cement.

It is also known that the values of (w/c)is of improved soil and (w/c)cs of cement grout can
be correlated using the filling ratio α as follows, (Hashimoto et al. 2016).

α ¼
ρw=ρc þ ðw=cÞcs
ρw=ρc þ ðw=cÞis

ð2Þ

Herein, the filling ratio α is originally defined as following equation

Figure 3. Image of permeation grouting method using cement solution

Figure 2. Comparison of gain size accumulation curve of cement material
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α ¼
Q

V � n
ð3Þ

3 LABORATORY MIXING TEST

3.1 Testing prcedure

In order to establish the relationship between the concentration of cement solution and compres-
sion strength of improved soil, a series of compression tests were carried out in the soil specimens
improved with designed value of (w/c): Since these soil specimens were mixed with the cement
solution with designed (w/c), the filling rate α = 1, and the relationship of (w/c) is = (w/c) cs holds.
Plastic mould of 5 cm in inner diameter and 10 cm long were used as shown in Figure 4a. Iwaki
silica sand with fines contents of Fc = 15 % were used as shown in Figure 2, and the soil proper-
ties are as follows, ρs = 2.65 g/cm3, emax = 1.26 and emin = 0.73, which are determined by the
testing methods stipulated by Japanese Geotechnical Society Standards. The soil specimens are
prepared in a plastic mould to achieve the relative density of Dr = 60 %, as shows in Figure 4b.
In particular, in preparing the specimen, instead of stirring, cement solution was filled in the plas-
tic mold beforehand in order to simulate cement injection as much as possible.

3.2 Results of mixing test

Figure 5a shows the relation between the water cement ratio and uniaxial compressive
strength, Figure 5b shows the relation between the water cement ratio and modulus of
deformation. Both the uniaxial compressive strength and the modulus of deformation tend to
decrease as the water cement ratio increases. On the other hand, it is known that the compres-
sive strength and the cement water ratio (reciprocal of the water cement ratio) are propor-
tional (fc = A(c/w) + B). Figure 5 also shows the approximate estimated values for reference.
It is found that the relation between the strength and the cement water ratio is in a propor-
tional relation, although the concentration of the cement solution is lower in the specimens of
improved soil than in concrete. On the other hand, for the earthquake resistance performance
of private houses in Japan (peak ground acceleration of 200-300 cm/s2), the minimum level of
required strength examined by numerical deformation analysis is about 400 kN/m2, (Hashi-
moto 2018). Therefore as shown in Figure 5a, in case of the concentration of the cement

Figure 4. Making of soil specimen for mixing tests
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solution is (w/c) = 12 or less, the minimum level of required strength can be obtained even if
the curing period is 7 days.

4 LABORATORY 3 DIMENSIONAL PERMEATION GROUTING TEST

4.1 Test condition

In order to examine how the concentration of the cement grout would affect the strength and
the volume of improved soil, a series of laboratory 3 dimensional permeation grouting tests
were carried out with four different values of w/c. In laboratory mixing tests, Iwaki silica sand
with fines content Fc = 15% was used, and soil specimens with relative density of Dr = 60%
were prepared in the drum of 28 cm in inner diameter and 30 cm height, by a wet tamping
method. They are then saturated and the cement grouts with w/c = 8, 14, 16 and 20 were per-
meated by applying the injection pressure of 50 kPa from top of the soil specimens. The
cement solution was injected from the tip of the injection pipe installed at the center of the
drum (about 5cm below the ground surface), as shown in Figure 6. During the injection, the
groundwater was drained from the drain pipe installed at two places in the soil specimen and
the filter layer at the surface. For the improved area that the cement solutions permeated, a

Figure 5. Effects of (w/c)cs of cement grout on unaxial compression tests of improved soil in laboratory

mixing tests.

Figure 6. Setup of laboratory 3 dimensional permeation grouting tests.
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piece of improved soil were taken 28 days after the laboratory 3D permeation grouting tests,
and unconfined compression tests were conducted.

4.2 Test results and discussions

After curing periods of about 28 days, some excavations were carried out around the locations
of improved soil. The details of the 3 dimensional permeation grouting tests are shown in
Table 1. Under the condition of injecting approximately the same amount of injection mater-
ial of about 2,000cm3, the lower the cement concentration of the cement solution, the smaller
the volume and mass of the improved soil tend to be. Particularly in the case of using the
cement solution with the lowest cement concentration (w/c)cs = 20, the volume of modified
soil was extremely small. Figure 7 shows the pictures of cases using cement solution with (w/
c)cs = 16 and (w/c)cs = 20. It is evident in Figure 7a that the top surfaces of improved soil
using cement solution with (w/c)cs = 16 have a round, ball-shaped external appearance. How-
ever, in the case of using a cement solution with a low cement concentration with (w/c)cs = 20,
the shape of the improved soil is an irregular columnar shape as shown in Figure 7b. With
respect to the experiment results shown above, the improvement effects may be examined with
respect to the volume of the improved soil using the improvement rate. The improvement
ratio is herein defined as the ratio of the designed diameter (D0) corresponding to the injection
amount and the diameter (D) converted from the volume (V) of the improvement body by the
following equation as shown in Figure 3.

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

6V=π3
p

ð4Þ

Table 1. Conditions and results of improved soil in 3D permeation grouting tests.

Figure 7. Shape of improved soil in 3D permeation grouting tests.
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Here, the design diameter (D0) was calculated by the equation (4) based on the volume (V0)
calculated by the equation (3) from the total amount of the cement solution in each case and
the porosity of the specimen (n = 0.473). Figure 8 shows the relationship between the water
cement ratio of the cement solution and the improved rate. Despite the same injection volume
in all cases, the improvement rate tends to decrease as the water cement ratio increases. In
particular, in the case of (w/c)cs = 20, it is about 70% of the injection amount and the improve-
ment rate is extremely lowered, and the influence of concentration is obvious. Figure 8 also
shows the results of the previous study (Koizumi et al. 2012a), but the concentration ranges
up to (w/c)cs = 16 is consistent with the results of this study. It is considered that a certain
amount of cement is necessary for the improved soil to solidify with a target size. Figure 9
shows the relationship between the compression strength of each case and the water cement
ratio of the improved soil. The water cement ratio of the improved soil is the value calculated
from the volume of the improved body shown in Table 1 by the equation (1). Figure 9 also
shows the relationship between the water cement ratio and the uniaxial compressive strength
by the mixing test shown in Figure 5a. The water cement ratio of the improved soil is in the
range of (w/c)is = 6 to 9 in all cases, and greatly decreased from the water cement ratio (w/c)cs
= 8 to 20 of the cement solutions. It is estimated that the cement solution was injected into the
ground and then condensed and consolidated. In the case of the water cement ratio of the
cement solution of (w/c)cs = 8 to 16, although a variation of the uniaxial compressive strength
is large, these data are almost consistent with the estimated curve by the mixing tests. How-
ever, the strength of improved soil in 3 D permeation grouting tests is higher than the strength
estimated from the water cement ratio of the cement solution. On the other hand, in the case
of (w/c)is = 20, lower strength is obtained than the estimated curve by the tests. In these cases,
the improvement rate is also small and the shape is also irregular of improved soil.

Figure 8. Relationship between improved rate and water cement ratio of cement solution.

Figure 9. Plots of comparison of compression strength of the specimens in laboratory mixing tests and

3D permeation grouting tests.
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Based on above, it is estimated that it is difficult to properly improve soil with a low concen-
tration of cement solution, there is a threshold limiting value for cement solidification to take
place within soil specimens. On the other hand, more dilute cement grouts with higher values
of w/c tend to show longer distances of permeation, though those with extremely higher values
of w/c tend to reduce the distances of permeation, (Hashimoto et al. 2017). It is expected to
develop a technology that can solidify with strength required by design and promote
permeation.

5 CONCLUSION

In this study, the strength characteristics of the improved soil by the permeation grouting
method with ultra microfine cement were examined by laboratory mixing test and 3D perme-
ation grouting tests. It is considered that the shape and strength of the improved soil by this
ground improvement method are influenced by concentration. By using a cement solution
with an appropriate cement concentration, it is also possible to predict the strength by mixing
test. Therefore, it is necessary to examine the relationship between concentration change of
water cement ratio and strength of improve soil in detail, the findings from the test series con-
ducted in the present study still need to be validated further in laboratory tests. It is also
expected to develop a technology that can solidify with strength required by design and can
promote permeation.
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