INTERNATIONAL SOCIETY FOR
SOIL MECHANICS AND
GEOTECHNICAL ENGINEERING

This paper was downloaded from the Online Library of
the International Society for Soil Mechanics and
Geotechnical Engineering (ISSMGE). The library is
available here:
https://www.issmge.org/publications/online-library
This is an open-access database that archives thousands
of papers published under the Auspices of the ISSMGE and
maintained by the Innovation and Development
Committee of ISSMGE.

Building up design basis for permeation
grouting using ultra microfine cement to
locally countermeasure against soil
liquefaction
Kazuyoshi Hashimoto, Weihong Wang, Taichi Hyodo & Yoshimichi Tsukamoto
Department of Civil Engineering, Tokyo University of Science, Noda, Chiba, Japan
Satoshi Nishihara, Shusuke Oji, Shunsaku Nishie & Ichiro Seko
Chuo Kaihatsu Corporation, Shinjuku, Tokyo, Japan

ABSTRACT
The authors’ group has been continuing to develop geotechnology for permeation grouting using ultra microfine cement
for ground improvement to mitigate soil liquefaction. From the previous studies of laboratory permeation tests, some
useful findings are deduced as follows. (1) 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.
(2) There is a threshold limiting value of (w/c)o for cement solidification to take place within soil specimens. (3) There are
some useful assisting methods to facilitate permeation of cement grout. One of them is to alternately inject cement grout
and water. From the previous studies of field permeation tests, it is also found that (4) by measuring the size of improved
soil produced in the field test, the average value of (w/c)is of each improved soil can be estimated with a help of some
penetration tests. Since the value of (w/c)cs for cement grout is a primary parameter to control permeation grouting from
the design point of view, the diagram showing the relation between (w/c)cs and (w/c)is is produced. Based on the findings
described above, some design basis for permeation grouting is discussed in detail using the filling ratio α, which would
assist in implementation of performance-based design of permeation grouting.

1

INTRODUCTION

Following the disastrous effects of soil liquefaction on civil
engineering infrastructures as well as significant number
of private houses during the recent earthquakes including
2011 Great East Japan Earthquake, it has become one of
the critical issues how to mitigate soil liquefaction for
small-scaled existing structures built on liquefiable soil
deposits. The authors’ group has been continuing to
develop geotechnology for permeation grouting using
ultra microfine cement, by conducting laboratory and field
permeation tests, (Hashimoto et al. 2015, Wang et al.
2016). The recent advent of ultra microfine cement has
made it possible to pursue such development of cement
permeation grouting, whose particle diameters are on the
order of 1 µm, (Kanazawa 2012). The present study is
aimed to bring together all the outcome of the previous
studies and to develop some design basis necessary for
permeation grouting of ultra microfine cement to produce
improved soil columns of suitable size for local
countermeasures
against
soil
liquefaction.
The
development of design strategy is intended to contribute
to assisting in the implementation of performance-based
design in ground improvement techniques.

2

FINDINGS FROM PREVIOUS STUDIES

Since the distance that the cement grout permeates
through saturated soils would clearly determine the size of
improved soil, it is important to examine the permeation of
the cement grout through saturated soil in laboratory

tests. The permeation of cement particles through voids of
saturated soil can be affected by many factors, such as
concentration of the cement grout which can be
represented by the value of w/c, as well as grain sizes of
soil which can be represented by the soil properties such
as fines content Fc and mean grain size D50. The
hydraulic head and length of permeation would also affect
its permeation. Some series of laboratory permeation
tests were carried out in the previous studies, and some
useful findings are deduced as follows.
2.1

Effects of w/c of Cement Grout

In order to examine how the concentration of the cement
grout would affect the distances of permeation, a series of
laboratory permeation tests were carried out with three
different values of w/c. Tohoku silica sand with fines
content Fc = 15% was used, and soil specimens with
relative density of Dr = 65% were prepared in the acrylic
mould of 6 cm in inner diameter and 100 cm long, by a
wet tamping method. They are then saturated and the
cement grouts with w/c = 6, 14 and 18 were permeated by
applying the injection pressure of 200 kPa from top of the
soil specimens. Fig. 1 shows the results of the tests in
the plots of distances of solidification and permeation
against w/c. The distances of solidification indicate the
lengths of the portions of the soil specimens that were
solidified, and the distances of permeation indicate the
lengths of the portions that showed alkaline response to
phenolphthalein, indicating the presence of cement
particles. It is seen in Fig. 1 that the dilute cement grout of
w/c = 14 showed longer distances than that of w/c = 6,

Figure 1. Effects of w/c of cement grout on distance of
permeation, observed in laboratory permeation tests

Figure 3. Use of alternate injection of cement grout and
water to facilitate permeation grouting in laboratory
permeation tests, (Wang et al. 2016)
laboratory permeation tests were therefore carried out
with soil specimens with different values of fines content
Fc, as shown in Fig. 2. The details of the test series are
described by Hashimoto et al. (2015). The presence of
fine soil particles is found to clearly affect the distances of
permeation, which become too short for the soil
specimens with the fines content larger than Fc = 15%.
Therefore, some other ways need to be pursued to
employ permeation grouting on soils with fines content
larger than Fc = 15%. Some preliminary tests were carried
out to examine if there would be any assisting methods to
improve permeation of cement grout through finescontaining sands. It is found that the injection of water
following that of cement grout seem to work, as shown
with the data denoted as “Q -> water“ in Fig. 2.
2.3

Figure 2. Effects of fines content of soils on distance of
solidification, observed in laboratory permeation tests,
(modified after Hashimoto et al. 2015)
though shorter distances than that of w/c = 18. It is worthy
of note that the alkaline response to phenolphthalein is
sensitive enough to show longer distances of permeation
for the cement grout with higher values of w/c. Herein, It is
relevant to assume that dilute cement grouts would tend
to permeate for longer distances, though it would be true
to assume that extremely dilute cement grouts would not
contain enough cement particles to induce solidification.
2.2

Effects of Fines Content Fc of Soils

One of the soil properties most often used for classifying
the content of fine particles is the fines content Fc. The
presence of fine soil particles, whose sizes are equivalent
to the corresponding cement particles, would certainly
affect the permeation of cement grouts. Multiple series of

Assisting Method to Facilitate Permeation

Based on the preliminary test results shown in Fig. 2, the
assisting method is pursued in more detail to improve
permeation of cement grout through fines-containing
sand, as shown in Fig.3, (Wang et al. 2016). Herein, from
the viewpoint of cost performance, it is also important to
consider reducing the amount of cement used for
permeation. By taking it into account, some series of tests
were carried out, which are denoted as “Q-.water”, 1/2Q>water”, “2/3Q->water” and “1/2Q->water->cement grout”.
The symbols of “Q”, “1/2Q” and “2/3Q” indicate the
amounts of cement grouts injected, and the unit is ml. It is
found that the distances of solidification would not change
significantly as the amount of cement is reduced.
2.4

Threshold (w/c)o Inducing Cement Solidification

It is true to assume that a sufficient amount of cement
would be needed for soil to be solidified. Therefore, in
order for permeation grouting to be successfully
implemented, it is important to know what would be the
limiting upper value of w/c to induce cement solidification
within soil. A series of tests were carried out on saturated

Figure 4. Presence of threshold value of (w/c)o to induce cement solidification in laboratory tests, (Hashimoto et al.
2016)
Urayasu sand specimens with Fc = 0 and 40%, which
were prepared by wet tamping to achieve Dr = 80% and
various values of w/c, (Hashimoto et al. 2016). For the soil
specimens that were solidified, unconfined compression
tests were carried out. Herein, the solidification of the soil
specimens was checked by touching with testers’ hands.
For the soil specimens that were not solidified, saturated
undrained cyclic triaxial tests were carried out. Fig. 4
shows the plots of the unconfined compression strength
qu and liquefaction resistance Rl against the value of w/c
of the soil specimens. The threshold value of (w/c)o to
induce cement solidification can be found at about w/c = 8
to 12, above which soils would not be solidified, though
the cyclic liquefaction resistance might possibly be
improved.

Table 1. Summary of field tests.
Site

Karatsu
K-1

Depth (m)

Correlating (w/c)is of Improved Soil with (w/c)cs of
Cement Grout

Some field tests were carried out at the two sites located
in Karatsu city of Saga and Sodegaura city of Chiba in
Japan. The details of the tests are summarised in Table 1,
and the flow of data analysis is indicated in Fig. 5. The
soil deposit tested in Karatsu was basically loose clean
sand, and that in Sodegaura was loose silty sand. The
details of the tests conducted in Karatsu are described by
Hashimoto et al. (2016). Herein, the sizes of the improved
soil columns were measured by excavating the sites
afterwards, as shown in Figs. 6 and 7. From the surface
appearances of the improved soil in Sodegaura shown in
Fig. 7, there seem to be good evidences of hydraulic
fracturing, which should have occurred instead of
permeation. However, in the discussions that follow, it is
assumed that permeation is the only phenomenon that
occurred, and the consequences of occurrence of
hydraulic fracturing are separately discussed below. In
addition, in order to estimate the density of the soil
deposits concerned, Swedish weight sounding tests were
also carried out, and the soil samples were retrieved
when the sites were excavated. The relative density Dr
was then estimated using the empirical formula as
follows, (Tsukamoto et al. 2004).

S-1

2.5 ~ 5.0

S-2

1.5 ~ 2.5

SPT N-value

4

6

Fines content Fc (%)

6

20

Porosity n (estimated)
(w/c)cs of cement grout

12

8

16

8

Injection volume Q (m3)

2.19

2.77

1.68

1.68

0.49

0.51

Improved soil
D (m)

1.5

1.7

1.0

1.0

H (m)

2.5

2.5

1.0

1.0

V (m3)

2.5

K-2

Sodegaura

4.4

5.7

0.8

0.8

Filling ratio α

1.02

1.02

4.19

4.19

(w/c)is of improved soil

11.7

8.0

3.56

1.65

Dr =

( N sw + 40 × W sw) (e max − e min ) 2.2 98
90
σ 'v

[1]

98

[2]

N ' sw = N sw + 40 × W sw , N ' sw1 = N ' sw

σ 'v

where Nsw (half turns per metre) and W sw (kN) define the
penetration resistance of Swedish weight sounding tests,
(Tsukamoto et al. 2004). The soil properties of emax and
emin were obtained by conducting the designated
laboratory tests from the soil samples retrieved, (JGS,
2000). The porosity n was then calculated by the values
of Dr, emax and emin. The value of (w/c)is of improved soil
can eventually be calculated as follows, (Hashimoto et al.
2016).

( w / c)is =

ρ
ρ
V ×n
{( w / c)cs + w } − w
Q
ρc
ρc

[3]

(w/c)cs obtained from the field permeation tests, as shown
in Fig. 8. It is found that the data for the clean sand

Figure 5. Flow of data analysis

Figure 6. Excavation of improved soil at Karatsu

Figure 7. Excavation of improved soil at Sodegaura

where soil deposits are assumed to be fully saturated,
and ρc and ρw are the densities of cement particle and
water. 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).

deposit in Karatsu are located on the line of α = 1, though
the data for the silty sand deposit in Sodegaura are on α =
4. Since the filling ratio a is also found to be correlated
with the value of (w/c)is as shown in Equation [4], it would
imply that the cement grout was permeated well in the
clean sand deposit of Karatsu, while the cement grout
was not permeated smoothly in the silty sand deposit of
Sodegaura and was condensed due probably to clogging
of cement particles within the voids of the silty sand
deposit.
The discussions given above assumed that the
phenomenon of permeation should have solely occurred,
though there seem to be good evidences of occurrence of
hydraulic fracturing when the surface appearances of the
improved soil in Sodegaura were observed in Fig. 7. It
would violate the implicit assumptions of the cement grout
uniformly permeating within soil deposits, and it would
rather localise the flow of cement grout. Therefore, the
derivations of Equations [3] and [4] are no longer true

α=

ρ w / ρ c + ( w / c) cs
ρ w / ρ c + ( w / c) is

[4]

Herein, the filling ratio α is originally defined as follows,

α=

Q
V ×n

[5]

Based on the discussions given above, it is interesting to
produce the data of (w/c)is plotted against the data of

3

DESIGN BASIS FOR PERMEATION GROUTING

Based on the findings deduced from the laboratory and
field permeation tests as described above, some design
basis for permeation grouting is discussed below. Since
the volume of cement grout injected, Q, is given as
Q = Vn × α , the following equation holds.

1
1 1 + ( ρ c / ρ w) (W / C ) is
V
=
= ×
Q n × α n 1 + ( ρ c / ρ w) (W / C ) cs

Figure 8. Plots of (w/c)is of improved soil against (w/c)cs of
cement grout in field permeation tests

Herein, it is noticed that the ratio of V/Q might represent
the efficiency of permeation grouting. Equation (6) implies
that when the predesigned amount Q of cement grout
whose concentration is (w/c)cs is injected into the soil
deposit with the porosity n, one can make the volume V of
improved soil larger by increasing the value of (w/c)is.
Therefore, one needs to make the value of (w/c)is of
improved soil as large as possible to produce larger
volume of improved soil. However, it is known that there is
a threshold limiting upper value of (w/c)o to induce cement
solidification within soil, as shown in Fig. 9. With those in
mind, it is also indicative in Fig. 9 that when the cement
grout with the value of (w/c)cs less than (w/c)o is used, one
needs to pursue for making the value of (w/c)is of
improved soil less than (w/c)cs of cement grout, which
implies that since the filling ratio α is less than 1, the
cement grout would need to be diluted as it permeates.
On the other hand, when the cement grout with the value
of (w/c)cs larger than (w/c)o is used, one needs to pursue
for making the value of (w/c)is of improved soil greater
than (w/c)cs of cement grout, which implies that since the
filling ratio α is greater than 1, the cement grout would
need to be condensed as it permeates. It is therefore
most conceivable that the assisting method of water
injection following the permeation of cement grout would
be useful when the cement grout with (w/c)cs less than
(w/c)o is used.
4

Figure 9. Examining design basis of permeation grouting
in diagram of (w/c)cs of cement grout and (w/c)is of
improved soil
when hydraulic fracturing takes place instead of
permeation. Consequently, the soil’s porosity n would no
longer show a constant value throughout the whole body
of the improved soil and the resulting value of (w/c)is for
improved soils would vary from portion to portion of the
improved soil. It would therefore be relevant to say the
values derived for Sodegaura in Table 1 need to be
carefully looked at.

[6]

CONCLUSIONS

The design basis for permeation grouting using ultra
microfine cement was examined and discussed, as one of
the ground improvement methods to counter-measure
against soil liquefaction. The outcome of the previous
laboratory studies was first summarized as follows. 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. There is a threshold limiting
value of (w/c)o for cement solidification to take place
within soil specimens. In assisting permeation of cement
grout, it works well to alternately employ injection of
cement grout and water. In addition, from the previous
field studies, it was found useful to measure the sizes of
improved soil to estimate the average value of (w/c)is of
each improved soil. Since the value of (w/c)cs for cement
grout is a primary parameter to control permeation
grouting from the design point of view, the diagram

showing the relation between (w/c) cs and (w/c)is was
produced and discussed with respect to the values of the
filling ratio α.
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