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ABSTRACT: For secure construction and operation of a coastal waste disposal facility on a sandy seafloor,
the proper bottom sealing material is one of the controlling factors. The conventional sealing material cannot
mobilize enough strength against the load by covering soil and landfilling, and the ordinary cement-treated
clay also has a drawback of crack generation due to shear deformation. To overcome these disadvantages of
the conventional materials, the clay with the addition of a small amount of cement (CASC) was proposed as a
new sealing geomaterial. Since the cement content of CASC is about 2-4%, which is lower than the minimum
cement content required for strength mobilization of general cement-treated clay, it is expected to keep ductile
property after the long-term consolidation. To examine the performance of CASC, a series of experimental
studies (vane shear test, consolidation test, and hollow cylinder torsional permeability test (HCTPT)) was
conducted for Tokuyama Port clay. The vane shear tests proved that CASC exhibits the strength development
up to 3 kPa under unconsolidated condition after curing. The consolidation tests showed that the cement
addition reduces the compressibility of the clay, and consequently, relatively large void ratio induces the
increase in hydraulic conductivity, but CASC still could satisfy the sealing requirement. The HCTPTSs revealed
that hydraulic conductivity of CASC does not increase even if large shear deformation is applied while the
lean-mix cement-treated clay shows permeability increase due to the crack. Considering above results, CASC
was concluded to be a feasible option for the artificial sealing.

Keywords: Sealing Geomaterial, Cement, Permeability, Marine Clay, Waste Disposal Facility

1. INTRODUCTION To construct waste disposal facilities on the
sandy seafloor, the studies on sealing geomaterial in
The waste disposal facilities have been the maritime environment have been carried out by
constructed at coastal areas in Japan [1], because of several researchers [4]- [5]. The first waste disposal
difficulties in obtaining necessary sites in the land. facility using the sealing geomaterial was
In order to ensure environmental safety, the constructed in the Seto Inland Sea in Japan [6]. Fig.
facilities have been constructed based on the 1 shows the cross-section and the picture of
technical criteria [2]. For the sealing layer for waste Sangawa Tobu waste disposal facility for industrial
disposal facilities, the following technical waste in Ehime Prefecture, Japan, in 2008 [6]. As
conditions are required by Waste Management and shown in Fig. 1, a sealing layer with a thickness of
Public Cleansing Law [3]. 2 m was constructed on the seafloor, and the sealing
a) Continuous soil layer of 5.0 m or thicker with a geomaterial, a marine clay-bentonite mixture, was
hydraulic conductivity less than 107 m/s or a placed by tremie pipes. As shown in the right-side
layer with sealing effect equivalent to or higher of Fig. 1, a steel pipe of 8 inches (20cm) diameter
than the former. was used as tremie pipe, and two tremie pipes were
b) An impermeable sheet underlay by 50 cm thick attached to a guide pipe suspended by an 80-m
material such as clay having hydraulic crane. The position of the placement was
conductivity equal to or less than 108 my/s. determined by GPS and the lower end of tremie pipe
¢) An impermeable sheet underlay by 5 cm or was pushed into the placed clay layer to prevent
thicker layer of asphalt or concrete having water pollution.
hydraulic conductivity equal to or less than 10-° The thickness of the sealing layer was decided
m/s. as being equal to or greater than the equivalent
d) A covering layer of non-woven fabric to be thickness of “the soil layer of 5 m or thicker with
covered with two independent impermeable hydraulic conductivity equal to or less than 107 m/s”
sheets. which is mentioned in a), above. In order to ensure
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Fig. 1 Cross section of Sangawa Tobu waste disposal facility and the picture at construction work of sealing

layer [6]

the fluidity at the placement, the water content of

the sealing geomaterial was adjusted to

approximately 1.5 times the liquid limit of the clay-
bentonite mixture in a mixing plant.

Since the lift pressure acts on the sealing layer
due to the water level difference between the inside
and the outside of a disposal facility, it is necessary
to construct a covering soil layer on the sealing
layer for the stabilization and the safe waste filling.
During the construction of the covering layer, it
should be cared not to cause the sliding failure in
the soft sealing layer. In the Sangawa Tobu case, a
gelling agent (liquid glass) of 20 kg/m® was added
to the sealing material in order to give a shear
strength of 1 kPa and geotextile was further laid on
the surface layer of the geomaterial for the
reinforcement. Steel slug and sand were divided
into 4 layers to construct a covering soil layer of
2.85 min total.

As mentioned above, following 2 properties are
required for the bottom sealing geomaterial;

1) to have a shear strength necessary to prevent the
sliding failure during the construction of the
covering soil layer and the subsequent filling
process of the wastes.

2) to keep ductile property and to be deformable to

external forces after completion of the
construction in order to maintain sealing
performance, that is, the low hydraulic

conductivity.
The shear strength of the artificial geomaterial at
Sangawa Tobu waste disposal facility was about 1
kPa, which was narrowly enough because the
dumped wastes were discharged from a paper mill
and the submerged weight of wastes was as
extremely light as 1.2 kN/mS. However, in the case
of general wastes whose submerged weights are
ranging from 5 to 8 kN/m3, the necessary shear
strength of sealing geomaterials becomes 3-4 kPa.
Fig. 2 shows the strength development of slurry of
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Fig. 2 Strength of Tokyo Bay clay slurry with the
addition of liquid glass

Tokyo Bay clay by addition of liquid glass. The
initial water content of the clay was 1.5 times the
liquid limit, which is the same as the case of
Sangawa Tobu disposal facility. As shown in Fig. 2,
by adding liquid glass, the shear strength increased
from 0.1 kPa to 0.8-1.0 kPa, but the strength
increases up to 3-4 kPa cannot be expected with the
long curing time.

In this study, the effect of adding a small amount
of cement to clay slurry is discussed to achieve the
minimum required strength of sealing geomaterial.
The general cement-treated clay utilized in the
construction usually shows the shear strength of 100
kPa or more. If the cement treated clay is used as a
bottom sealing layer, the construction of covering
layer will be easier than the case of Sangawa Tobu
disposal facility because of the large strength.
However, it was reported that cracks were
generated in the cement-treated soil accompanied
with the deformation forced by the external forces,
and the hydraulic conductivity of sealing layer was
increased due to the cracks [4].

Fig. 3 shows the schematic relationship between
the added amount of cement (relative to the dry
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mass of clay) and unconfined compression strength
with curing time. As shown in Fig. 3, the strength
sharply increases, when the added amount of
cement exceeds a certain value (minimum cement
content), however, when the amount is less than that
value, the strength development is not obviously
observed. Udaka et al. [9] and Tsuchida et al. [10]
called the cement-treated marine clay with smaller
cement content than the minimum cement content
“Clay with the addition of a small amount of cement
(CASC).” They showed that CASC exhibits
mechanical properties similar to aged natural clays,
being different from the ordinary cement-treated
soil. Although the properties of cement-treated
clays have been extensively examined by many
researchers [7]-[8], the study on CASC is very few.

In this study, the applicability of CASC to an
artificial sealing geomaterial for the coastal disposal
facility was studied. The sealing material requires
to have enough strength development at the early
stage of construction and to have the ductile
property to maintain sealing performance in a long
time. Using CASC sample made by high plastic
marine clay, the strength  development
characteristics and the change in hydraulic
conductivity after large shear deformation were
investigated through the vane shear test,
consolidation test, and the hollow cylinder torsional
permeability test [11].

2. EXPERIMENT METHODS

2.1 CASC samples and the strength
development of CASC

In this study, dredged Tokuyama Port clay
(liquid limit w. of 111.6%, soil particle density of
2.647 glcm?®) and ordinary Portland cement were
used for making CASC sample. The definition of
CASC is based on the concept of the minimum
cement content for cement-treated clay proposed by
Udaka et al. [9]. Fig. 4 is the relationship between
the added amount of cement (relative to the dry
mass of clay) and unconfined compression strength
of Tokuyama Port clay. As shown in Fig. 4, the co
for Tokuyama Port clay determined by Udakas'
method, which was defined as the intersection of the
horizontal axis (cement content) and the linear
regression line, was 5%. Therefore, in this study,
the cement-treated clay whose cement content is
less than 5% is CASC.

Fig. 5 shows the relationship between vane
shear strength and curing time of CASC of
Tokuyama Port clay (the cement content is 2.0%,
3.0%, and 4.0%), the initial water content of which
were 1.5w,. After sufficiently mixing, the sample
was sealed to prevent drying, and the strength was
measured by a vane shear test at the predetermined
periods. In Fig. 5, the strengths of Tokuyama Port

134

Curing time =T,

,- Curing time =T,

UCS, q, (kPa)

Curing time =T,

Co
Cement content (%)
Fig. 3 The relationship between added amount of
cement and unconfined compression
strength

1600

Tokuyama Port clay o

1400  water content 1.5w,

1200 -
Curing Time 28 days.,
1000 | o 7days I
O 28 days <0
800 [ 4 ,/f\
600 | 7 days

Minimum cement
content for cement
400 [treated clay, 5%
L L L
10 15 20

200 l

Cement Content, ¢ (%)
Unconfined compressive strength with
cement content (Tokuyama Port clay,
curing time is 7 and 28 days)

Unconfined Compressive Strength, q, (kPa)

25 30

Fig. 4

35

3 Tokuqama Port Clay

cement addition /,0
25 | —4A— None ,/0
—0— CASC (c=2%)

5 | |-—e- cAsc(c=3w)
—0— CASC(c=4%)

15

o ,8/37%

Vane shear strength ¢, (kN/m?)

100 1000 10000

10
Curing Time, t (hour)

Fig. 5 Shear strength mobilization with time
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clay without cement addition are also indicated for
comparison. The strength increase at 672 hours
without cement addition was 0.23 kPa (from 0.18
kPa to 0.41 kPa), which was caused by thixotropy.
On the other hand, the CASC exhibited strength
development from 0.4 kPa (just after mixing) to
approx. 2.0 kPa (672 hours curing) and 2.5-3.0 kPa
(2160 hours curing). It should be noted that the
strength development behaviors were almost
identical independent of the amount of cement
content.

As described above, the CASC of Tokuyama
Port clay showed the strength development up to
about 3 kPa, which is enough for secure
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construction of the sealing layer. Therefore, from
the viewpoint of strength, the use of the CASC
would be a feasible option in the construction of the
coastal waste disposal facility. The experiment
programs were made to study the hydraulic
conductivity of CASC with consolidation and the
change of hydraulic conductivity after large
deformation.

2.2 Consolidation Test of CASC

To investigate the influence of the addition of a
small amount of cement on the hydraulic
conductivity, a series of consolidation tests was
conducted, and the hydraulic conductivity was
estimated. The specimens were the cement-treated
Tokuyama Port clay (initial water content ratio:
1.5wy), with the cement content of 2.0% and 4.0%.
After the mixing, the specimen was filled into a
consolidation ring with a height of 20 mm and a
diameter of 60 mm, and the curing was carried out
for 7 days in the testing apparatus. Then, a step
loading consolidation test with 1-hour loading time
was conducted for eight consolidation stresses from
4.9 kPa to 627.2 kPa with consolidation stress
increment ratio Ap/p = 1. For each consolidation
stress, the end of primary consolidation was judged
by the v/t method. For comparison, the tests were
conducted for Tokuyama Port clay without cement
addition as well.

2.3 Hollow Cylinder Torsional Permeability
Test

For the long-term secure operation of the coastal
waste disposal facility, high ductility that enables to
follow the deformation of the seafloor and the
wastes is an important property for the sealing
geomaterial. The hydraulic conductivity of the
sealing layer must be kept sufficiently small even if
the large shear deformation is caused by the external
forces (e.g. earthquakes). In this study, the
permeability characteristics of CASC sample of
Tokuyama Port clay after applying the large shear
deformation was investigated by the hollow
cylinder torsional permeability test (HCTPT),

which was developed by one of the authors [11]. Fig.

6 shows the structure of HCTPT apparatus. The
device is designed based on the standard type of
hollow cylinder torsional shear test described in the
standard of Japanese Geotechnical Society (JGS
0551) [12], and two porous stones and the pipes are
additionally installed to measure the hydraulic
conductivity (see Fig. 7).

In the test procedure, the specimen is firstly
consolidated in Ko condition with the effective axial
consolidation pressure of 150kPa and the back
pressure of 100 kPa. After the completion of
consolidation, the torsional shear strain was given
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in undrained condition. After the shear deformation,
the permeability test was carried out by applying the
water pressure difference of 30 kPa between the
outer and the inner surface of the specimen. The
direction of the water flow in the permeability test
is illustrated in Fig. 7, where the arrows show the
water flow. Water comes from a burette connected
with the outer porous stone to another burette
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Table 1 Mixing conditions and experimental conditions of samples

Cement |Initial water Curing time and Consolida- Largest Unconfined
content content consolidation pres. in  tion Pres. shear strain compressive
(%) Wo(%) preparation (CASC)* (kPa) (%) strength (LCTC)
Clay with the 3% 1.5wL 3 days under 49 kPa 150 20%
addition of a 7 days under 49 kPaa 100 20%
small amount of 4% 1.5wL 3 days under 49 kP 150  20%, 5% x 4™
cement (CASC) 7 days under 49 kPa 150 20%
Lean-mix 15% 2.0wL 4 days 20 20% 151 kPa
cement-treated 7 days 20% 220 kPa
clay (LCTC) 10% 1.5wL 3 days 150 20%, 5% x 4™ 205 kPa

* Curing time after the completion of consolidation. **Sample was given 20% strain with 4 steps, 5%,10%,15% 1nd20%

connected with the inner porous stone. By recording
the time history of the water flow, hydraulic
conductivity of the specimen in the horizontal
direction, which means parallel to the sheared plane,
was measured. Photo 1 shows the HCTPT apparatus
and the specimen of Tokuyama Port clay with small
amount cement addition. The outer diameter, inner
diameter and the height of specimen are 7cm, 3cm
and 3cm, respectively.

Table 1 shows the mixing conditions and
experimental conditions of samples conducted in
this study. The CASC specimens were prepared
with the conditions that the cement content was 3%
or 4% and the initial water content was 1.5 times the
liquid limit w.. For comparison, the same test was
carried out for the cement-treated clay with
relatively high unconfined compressive strength
(150~200 kPa). These specimens are called “lean-
mix cement-treated clay (LCTC)” hereafter because
their cement contents are smaller than that of the
general mixing condition of the cement-treated soil.
The experiments of the LCTC were carried out for
two samples with different mixing conditions; a
cement content of 15% and an initial water content
of 2wy, and a cement content of 10% and an initial
water content of 1.5w,.

For preparing the CASC specimens, a slurry
sample mixed with cement with a small amount of
cement was placed in a consolidation container
having a diameter of 12 cm and a height of 25 cm
and subjected to preliminary consolidation at three
stages of 12.3 kPa, 24.5 kPa, and 49 kPa. The
consolidation ends of the 1st and 2nd stages were
judged by the v/t method, and that of the 3rd stage
was judged by the 3t method. The end of
consolidation determined by the 3t method was
regarded as the start time of curing, and curing was
conducted for a predetermined period of time. For
preparing the LCTC specimens, a slurry sample was
filled in a mold having a diameter of 15 cm and a
height of 6 cm and cured for a predetermined time
in the water.

In Ko consolidation, CASC was subjected to Ko
consolidation up to the prescribed consolidation
pressure by adjusting the axial pressure and lateral
pressure while observing lateral strain. For the
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LCTC, the axial pressure and the lateral pressure
were adjusted to keep Ko value (0.40) of the
reconsolidated Tokuyama Port clay during the test.

3. RESULTS AND DISCUSSION

3.1 Hydraulic conductivity of CASC measured
by consolidation test

Fig. 8 shows the relationship between
consolidation pressure and hydraulic conductivity.
Hydraulic conductivity of the CASC was 2 to 4
times larger than that of no cement added clay. The
increasing rate of hydraulic conductivity tends to be
high under small consolidation pressure range and
decreases as the consolidation pressure increases.
The e-log p curve is shown in Fig. 9. With the
addition of a small amount of cement, the bonding
structure was formed in the clay, and the higher void
ratio was maintained at the same consolidation
pressure. This typical property of the CASC was
also shown in Udaka et al. [9] and Tsuchida et al.
[10]. Fig. 10 shows the relationship between the
hydraulic conductivity and the void ratio. Since the
relationship between them is almost constant
regardless of cement addition, it is clear that the
cause of the high hydraulic conductivity of the
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CASC is an increase in the void ratio due to the
addition of a small amount of cement.

As described above, the higher void ratio of the
CASC made by cement addition induced the
increase of hydraulic conductivity. Therefore, this
property should be considered in the design process.
It should be noted that the initial water content of
the clay dealt in this study was only 1.5w; from the
viewpoint of ensuring fluidity when constructing
the sealing layer by underwater placing. However,
when the hydraulic conductivity of CASC made of
1.5w, water content does not satisfy the hydraulic
conductivity requirement, in order to satisfy the
requirement, it may be necessary to modify a
construction method to compensate for the lack of
fluidity and reduce initial water content.

3.2 Results of HCTPT

3.2.1 Shear strength properties of CASC

Fig. 11 shows the change in shear stress and
pore water pressure of CASC. Fig. 11 also shows
the result of the specimen of Tokuyama Port clay
consolidated at 150 kPa and sheared. The legend in
Fig. 11 shows the cement content ¢ and curing time.
Although the no cement added specimen showed
monotonous strain hardening behavior, the CASC
showed the strain softening curves after reaching
the peak strength. The stepwise sheared specimen
(5% X 4) showed the increase of the peak shear
strength compared with the continuously sheared
one because of the consolidation due to drainage
after shearing. The ultimate shear stress of ¢ = 3%,
7 days cured specimen was larger than that of the
others, but there was no significant difference of
shear stress at the first peak. The final strength
almost agreed with the specimen of Tokuyama Port
clay with no cement addition, excluding ¢ = 4%, 3
days cured, sheared at every 5% specimen and ¢ =
3%, 7 days cured specimen. The pore water pressure
increment of each specimen of CASC almost agreed
with the specimen of Tokuyama Port clay. From
these facts, it is considered that when a small
amount of cement is added, the initial strength is
obtained as shown in Fig. 5 in the unconsolidated
state, but after the consolidation (reclamation), the
CASC indicates almost same mechanical behavior
as the clay without cement addition.

3.2.2 Hydraulic conductivity change due to large
shear deformation

Fig. 12 shows the relationship between the shear
strain applied to the specimen and the hydraulic
conductivity obtained by the permeability test after
shearing. The hydraulic conductivity at shear strain
0% is the value measured before shearing. The
LCTC has a higher hydraulic conductivity than
CASC. This is because LCTC has low
compressibility and the void ratio hardly decreases
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during the consolidation process, on the other hand,
the CASC shows relatively small void ratio due to
consolidation. The hydraulic conductivity of every
specimen of LCTC after shearing was higher than
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that before shearing. On the other hand, in the case
of CASC, hydraulic conductivity was almost the
same or slightly decreased.

Fig. 13 compares the rate of change of hydraulic
conductivity when the largest shear deformation
was applied to the specimen. The change rate of
hydraulic conductivity, X, is defined as follows.

K M)

X =—
Ko

Here, ko is the hydraulic conductivity before
shearing (m/s), and k is the hydraulic conductivity
after shearing (m/s).

In the case of the specimens of LCTC, the
hydraulic conductivity after shearing was more than
twice of that before shearing. Photo 2 is the
specimen of LCTC after the test. The cracks caused
by shear deformation were observed, and this is
considered to be the reason why the hydraulic
conductivity increased. Photo 3 shows the specimen
of CASC, and no cracks were observed in all cases.
The specimens, ¢ = 4%, 3 days and 7 days cured,
showed good agreement in the change rate of
hydraulic conductivity with shearing. However, the
change rate of hydraulic conductivity of the
specimens, ¢ = 3%, 3 days and 7 days cured, did not
agree with each other, and this is thought to be due
to the difference in consolidation pressure. When
comparing specimens with ¢ = 3% and ¢ = 4%, the
change rate of hydraulic conductivity of ¢ = 4% was
larger than that of ¢ = 3%. This result showed that
even if the difference in the cement content is small,
the amount of cement affects the change rate of
hydraulic conductivity. However, since the
hydraulic conductivity did not exceed the value
before shearing, these materials showed the ductile
property after consolidation, and it is considered
that it is possible to use a material with the cement
content of ¢ = 3-4% as a sealing material.

In the case of the stepwisely sheared specimen
of LCTC, the hydraulic conductivity increased at
the time of shearing at 5%, and the hydraulic
conductivity was kept almost constant during the
subsequent shearing steps 10, 15, 20%. This means
that cracks occurred when sheared at 5% and the
crack governed the permeability in the following
tests. On the other hand, in the case of the
stepwisely sheared specimen of CASC, the
hydraulic conductivity slightly decreased due to
shearing at 5% and 10% but did not change at 15%
and 20%, and the increase in hydraulic conductivity
was not observed.

From the above result, under the condition in
this study, the hydraulic conductivity of CASC did
not increase during the shear deformation. On the
other hand, the hydraulic conductivity of the LCTC
was greatly increased due to deformation, and there
was a clear difference between them.
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4. CONCLUSION

For secure construction and operation of a
coastal waste disposal facility on a sandy seafloor,
the proper bottom sealing material is one of the
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controlling factors. The conventional sealing
material cannot mobilize enough strength against
the load by covering soil and filling of wastes. The
ordinary cement-treated clay also has a drawback
that crack generates due to shear deformation. To
overcome these disadvantages of the conventional
materials, the clay with the addition of a small
amount of cement (CASC) was proposed as a new
sealing geomaterial. Since the cement content of
CASC is about 2-4%, which is lower than the
minimum cement content required for strength
mobilization of general cement-treated clay, it is
expected to keep ductile property and adequate
strength  for construction. To examine the
performance of CASC, a series of the experimental
study (vane shear test, consolidation test, and
hollow cylinder torsional permeability test
(HCTPT)) was conducted for Tokuyama Port clay.
The conclusion is summarized as follows.

1) With the addition of a small amount of cement,
the clay of 1.5w_ water content showed the
strength development about 3 kPa in
unconsolidated condition with curing time.
From the viewpoint of giving a strength
necessary for construction, the addition of a
small amount of cement can be a feasible choice
instead of addition of liquid glass.

Because of the bonding structure formed in
CASC, the compressibility of CASC is reduced
compared to that of without cement addition.
Thus, the CASC shows larger hydraulic
conductivity than the clay without cement
addition under the same consolidation pressure.
It may be necessary to modify a construction
method in order to compensate for the lack of
fluidity and reduce initial water content.
Changes in hydraulic conductivity before and
after shear deformation were examined by
hollow cylinder torsional permeability test. In
case of the lean-mix cement-treated clay
(cement content of 10% and 15%), cracks
occurred in the specimen by the 20% of the
shear deformation, and consequently, hydraulic
conductivity was increased. On the other hand,
the hydraulic conductivity of the CASC
decreased due to the shear deformation in all the
cases, which is due to that the CASC kept the
ductile property after the consolidation.

CASC in this study satisfied the requirements of
sealing geomaterial on the strength development
at the early stage and the ductile property after
consolidation.

2)

3)

4)
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