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1. Introduction

Foundation design! in expansive soils and rocks, such as bentonite, is com-
plicated and impeded by the fact that they have remarkable swelling behavior.
In a large number of tunnels and the works of resources development?), many
engineers have already been confronted with this difficulty for a long time. The
problems on structural damages have included heavings, cracking and breakup of
pavements, building foundations, slab—-on-grade members, and channel and reservior
linings. The main reason of them has been concluded as soils and rocks of the
foundation containing much swelling clay minerals especially sodium montmorillo-
nite. This clay mineral is contained in great quantities in bentonite, and which
plays an important role in the behavior of such soils and rocks. To grasp the
swelling behavior, several basic studies using tentonite powder had yet teen
carried out in the laboratory® -9 . However, there is no report of swelling charac-
teristics of natural bentonite rock up to date. Therefore, a basic study was
made on a natural bentonite rock. This is a pioneering attempt to study the sw-
elling behavior of natural bentonite rock. Through the experiments, numerical
basic information on bentonite rock were obtained. The purpose of this Paper
is to present the results of a study on the relationship of swelling properties of
bentonite rock and its powder.

2. Basis Concepts of Swelling Behavior of Rock and Soeil

According to a classification®, swelling is

]

explained as the phenomena of (1) Expansion, and Particle thickness
(2) Plastic flow. Also mechanically it is explained o 9.58 - 1554
as (1) Volume changes by water adosorption, (2) Ch-
emical changes (clay forming), (3)Stress relaxation

. . . + + + + Cation exchange
of ground pressure and its plastic deformation, + + + + capacity, im.milli
and (4) Relaxation either residual stress (latent + + + + sqivalents per 100g

of clay
8 - 150
S: Silicate sheet

energy ) or preconsolidation pressure stored in s
the soil when it deposited.

Schofield and Warkentin® suggest that swell-
ing may beoccurred when the condition mentijoned S G: Cibbsite sheet
below is kept. Fig 1 Schematic Structure
Electrolitic energy of clay particles > Electro- of Montmorilllonite
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litic energy overlapping of diffuse ion double layers between adjacent clay
particles + External pressure.

There is no exact distinction among them, and there is also a standard lack of
diffinition and measuring apparatus concerning the swelling pressure, for in-
stance, like JIS.

However, in general, the degree of swelling is determined physically by the
volume change of soil or rock based on the clay mineral conditions: cappillary
and osmotic suction pressure, water fixation by polar adsorption, osmotic im-
bibition, and surface tension focres. The value of swell potential depends on
the following factors that influence the volume change.

(1) Mineral type and Amount, (2) Initial density, (3) Load conditions (surcharge
loads), (4) Structure (clay particle skeleton, disturbed or undisturbed), (5) Initial
water content (degree of saturation), (6) Kind of pore fluid (pH etc.), (7) Time,
and (8) Temperature.

It is difficult to satify all these factors in one test, thus the natural bentonite
rock was selected for the present study because it keeps in general constant con-
ditions.

3. Experimental

3. 1 Samples

Samples used in this investigation were collected from deep working face of
Kawamukai adit level, Kunimine Bentonite Mine, Yamagata prefecture. Two
types of samples were given for tests as shown in the followings.

(1) Bentonite rock ; Taken by coring from the rock blocks.
(2) Powder ; Collected 74 micron under from crushed bentonite fractions.

For determining the physical and mechanical properties, raw bentonite rocks
were tested. Analyses are summarized in Table— 1.

Table— 1 Properties of Bentonite rock
Gs L.L. P.1. Wi €o Si Tt Sc
2.71 584 541 27.4 0.75 99.0 1.98 15.0
g/cm?® % % % — % g/cm®  kg/cm®

Gs : Specific gravity, L.L.:Liquid limit, P.I.: Plastic index, Wi :Initial water
content, eo:Initial void ratio, Si:Initial saturation, 7t: Wet density, and Sc:
Uniaxial compressive strength.

The samples are believed to contain over 70 % montmorillonite and amurphous
material, with the remainder mostly quartz. The montmorillonite in the samples
is considered as sodium type which shows high swelling pressure. Swelling de-
pends on the crystal lattice structure, the structure of the clay mass, and the
cation exchange capacity of the materials. In general, swelling of montmorillo-
nite is caused by the either adsorption of the pore fluid or formation of diffuse
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double layers as shown in Fig. 1. Such wide structure which is enable to adsorb
the water is not seen in the other clay minerals.

3. 2 Apparatus and Testing Procedures

Fig. 2 shows the outline of an oedometer for measuring swelling properties. '
One of the cells is 2cm high and 6cm proving Ring

in diameter, and the other is 3cm high

and 3 cm in diameter. The former was used

only for rock and the latter was used for

both rock and powder. The wall of the cell

is rigid, so the swelling pressure and st- Thernometer

Porous Stone

rain were measured in one dimensional. In

this study, volume was not put back al- Pilter Paper

ways to zero when swelling occurred. This
isa main different point from other swell-
ing tests. Because of the most of free faces
in the mine are unconfined although the
lateral is confined. Therefore, internal L_JI__II_JI*_II_I Lw:er -
force of the sample, i. e., swelling pre-
ssure is always pushing the sample down

-y

Fig.2 Skech Digram of Oedometer

as a surcharge load. Measuring was ended when the swelling rate got to 0.01
mm /24 hrs.

In the other test, bentonite rock was preconsolidated in the consolidometer
with a weight of 12.8 kg /cm® for 24 hours. Then the weight was decreased in
the same way of the soil consolidation test.

3. 3 Measurement Results

Fig. 3 shows an example of a representative relationship of swelling pressure
vs. time of raw bentonite rock. It is seen that the rate of increase of swelling
pressure is more rapidly in the initial stage, and then the curve becomes gra-
dually slow rise as time passes. It takes a long time until the swelling pressure
reaches to a certain steady state.

Fig. 4 shows the one demensional deformation vs. time. In the case of powder
swelling pressure appeared highly more than that of rock. The curves of powd-
er came out steps wisely in the vicinity of 10* minutes, while it is smooth to
rock. To investigate this more clearly, after each test, the final water content
of the sample was measured.

Fig. 5 shows the above main results. In the figure, dotted line shows the case
of water vent only from the bottom of the sample. On the other hand, in case
of water vent from the both ends, less water content appeared in the center
part. From this, it is seen that the moiture of the sample would not distribute
uniformly in it.
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Fig. 3 Swelling pressure Vs. Time Fig. 4 Swelling deformation Vs. Time

Fig. 6 shows the relationship of swelling pressure vs. strain in log-log. graph.

In swell tests, swelling pressure is very much dependent in magnitude on the
initial water content of the sample.

That is, low moisture brings about higher
swelling activity.
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Fig. 5 Water content distribution Fig6. os~ & Relationships

Fig. 7 shows the swelling process by unloading. From the figure, rebound be-
havior of bentonite rock is gradually increased as surcharge load is decreased.
The volume of the sample becomes finally numerical times over than the origi-
nal’s one. In such a condition, free face of the sample in water is similar to a
paste state.

Fig. 8 shows the representative curves under several surcharge loads.
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4. Discussion of Results

4. 1 Effect of wall Friction

All the experimental results of swelling tests by the oedometer were obtained
in one dimensional. Bentonite is very cohesive, thus friction force would act
to the cell wall as the swelling is developped. At the same time, swelling beh-
avior is restrained by its lateral reaction and friction.

On the theoretical basis of consolidation, the deformation of the sample is ex-
pressed as:

AdH = mv *4dos+h (1)
where 4H is swelling deformation, mv is swellability of sample, os is deffe-
rence of swelling pressure and h is height of sample.

The sample does not expand to lateral direction when the swelling is occurred

—_ —_ 2
because the cell wall is rigid. In that condition, if we take 8= —L—l—”_%then,

41 = —g—frdas . dx @)

where v is poisson’s ratio and E is Young’s modulus. But in this @s, various
values are contained. That is, available factors to be considered for them are
a weight of the top platten (6w), bulk density of the sample (#), up lift pore
pressure (U) by water supply, and shear force on the cell wall (r). True swell-
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ing pressure (ps) appears to be governed by these factors in the term of

ps—06s—ow—P*h+U—-7=0 (3)
inWhiCh’
t=C'+0d tan¢'=C + p*K+as (4)

C' is cohesion, ¢ is coefficient of wall friction and K is Rankine’s constant to
be expressed as K= (1—sin¢') /(1 +sin¢’), ¢ is angle of internal friction
when the sample is saturated. In general, © *h and U are negligible, thus from
(3) and (4)
= psl +¢2N. KC (5)

It is difficult to determine ¢ and C', and ¢' is often assumed finally as zero.
Making a rough estimation, 7= 1/56s. Consequently, it is understood that swell-
ing pressure is restrained about 20% in the uniaxial cell.

gs

4. 2 Stress-Strain Diagram

As was already indicated in Fig. 6, os-¢ relationships were similar to each

other. The relation may be stated in the form of
6g=C e (6)

where C and n are material parameters to be determined from the chart. C is
equivalent to Young’s modulus, and which was smaller to rock in this test. n is
nearly equal to unit. Therefore, the behavioris now still within a Hookian
body in a sense. In such a condition, the material is generally considered as
an elastic body because yield point does not yet appear within this test range.

Fig. 9 (2) shows the diagram of uniform stress distribution on the top platten.
For reference, in making an estimation of inner stress condition for the present
by Boussinesque’s theory in accordance with Fig. 9 (3), it becomes like Fig. 10.
Fig. 9 (b) shows a model of reaction of viscous soil- In conjunction with this,
if it is allowed to consider the sample in the cell as a short column as shown in
Fig. 11, it may be possible to estimate the maximum bearing force (Ru) using
Dérr’s theory, that is,

N\

r 0‘5 W, Y
il q=(0z )z=
Z
(2) ‘
X Uz :
© (v)
Fig. 9 (a) Stress distribution (b) Reaction
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Fig.11 A column in a rigid cell

Fig.10 Inner Stress in oue half specemen
maximum swelling stress

From a tentative uniaxial compressin test results,
proved to be about 4.12 kg/cm®. Therefore, it should be taken such a stress
into account for supporting the shaft wall,

4. 3 Swelling Behavior by Unloading

After the bentonite rock, was preconsolidated surcharge load was decreased by
1 ’(n=o’ 1, 2, 3eeeeeeens ) (8)

ou' = g
oo’ is n'-th surcharge. If n' becomes large, swelling deformation becomes large.

In general, the swelling deformation is also considered to be based on the change

of void ratio.
VY _ Cs an
( Vv )s o1+ €o log ] ©

where e, is the initial void ratio» V and 4V are the original volume and de-

formed volume respectively. Cs is the swelling index defined by

_ de
Cs = - Alogd
Thus Fig. 12 was drawn in term of e and ¢. A hyperbolic relationship is

9

appeared by a continious decrease of surcharge. Because of this, following is a

w

modified equation.
loge=1loga — Cs*logo .
The swelling line will be expressed for this swell test by the equation of
1]

e= (.91 ¢g—0-118
Swellability by unloading, i. e., the coefficient of volume swellability is de-

@

fined as
ms = de / do
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Similarly,
log ms = logd — k * logo 14
_ (0 \+
or ¢= ( —_ ) k 5

d and k are the material constants depending on the type of clay. Fig. 13 shows
the above relationship. Still further study will be needed to clarify the physi-
cal meanings.
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Fig.12 e~ o Relationship Fig.13 ms ~ ¢ Relationship

5. Conclusions

The study described herein was conducted to investigate the swelling charac-
teristics of bentonite powder and bentonite rock which is unparalleled up to
date. The following conclusions may be drawn from the present test results.

(1) For significant statistical analyses of swelling, it takes a long measuring
time until swelling behavior stabled.

(2) The swell line curve of powder is steps wisely. On the other hand such a
phenomenon is not appeared in rock. The main reason is probably due to
the soil particle array.

(3) The swelling pressure of powder is superior to rock’s one. This depends on
the initial high dry density and low moisture content which tend to produce
high swelling pressure.

4) No special defference was found between powder and rock except above
comment (2).

(5) Moisture does not distribute uniformly in the swelling specimen. This leads
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the fact that stress distribution is not also uniform.

As is one demensional test, swelling pressure is affected by lateral reaction
and friction. By a tentative calculation the influence of laterally confined
swelling pressure is about 20 % decrease.

Good correlation was found between the swelling pressure and the strain
irrespective of rock and powder in the form of eq. (6).

Influence of preloading and unloading are of importance in swelling. Apply-
ing a low surcharge resulted high swelling deformation.

The main cause of this appears to be a change of void ratio by unloading.
Thus e ~ ¢ relation can be stated in eq. (9.

The wide range of swelling parameters mentioned in section 2 is significant
to evaluate the activity of swelling.

Data and the method of measuring of swelling pressure described herein are
insufficient to establish a consistent relationship. It is necessary to take an
another swell test”) and to take more influence factors of swelling into con-
sideration.
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