Factors Influencing Time-dependent
Deformation Behaviour of Swelling Shales
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Abstract

This paper describes the results of study on major factors influencing time-dependent
deformation behaviour of swelling shales. The study was carried out by analyzing all the
swell test results available for shales from southern Ontario. Major factors studied are (1)
the presence of ambient water, (2) calcite content and (3) the applied stress.

The results of the study on seven shales show that the swelling of shale is associated with
the formation of cracks and the absorption of water in these cracks, The magnitude of
swelling potential is related linearly to the amount of absorbed water. The presence of calcite
inhibits the swelling of shales studied, reducing the swelling to zero at about 30 % of calcite
content, All the shales studied exhibit the stress-dependent swelling behaviour, though there
is a difference in the degree of dependency.

INTRODUCTION

Extensive laboratory testing was carried out on the Queenston shale to study time-depe-
ndent deformation behaviour and the results have been reported in Lee ', From this
experimental study, it has been observed that factors influencing the swelling behaviour of
this shale are ;

(a) the fabric of the sample,

(b) the presence of ambient water,

(c) the mineralogy and

(d) the applied stress.

To generalize the ovservations on these factors, all the existing swell test results of shales
from southwestern Ontario, Canada were collected and analyzed in this paper. Sources of
these test results are Wai®, Lo et al.¥, Yuen®, Lee® and U.W.O. laboratory records,
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Table 1. Summary of time-dependent deformation behaviour of shale formations

Shale Project Year of Depth Type of Stress Dependency Source of Test
Formation or Investigation Tests Parameter Results
Location (m) Performed' S, Su
Collingwood ~ Duffin Creek ~1974 21.2-25.1 FS - — Wai(1977)
Blue Mt, Lakeview Deephole 1936 177 FS/SC 0.24 - Present Study
Georgian Bay  Scotia Plaza 1984 11.5-27.9 FS/8C - 0.07 ”
Skydome 1984 11.3-34.5 FS/SC 0.20 0.11 -
Lakeview Deephole 1986 14-140 FS - - ”
dJohn St, Tunnel 1987 11.8-179 FS/SC - 0.08
Heartlake Tunnel 1977 133 FS/SC - 0.10 Yuen(1979)
Lakeview ~1974 151 15.7 FS/SC 0.32 - Wai(1977)
Queenston SABNGS No. 3 1983 6.6-29.9 FS - —  Huang & Semec(1983)°
SABNGS No. 3 1984 79.4-121.6 FsS/ScC - 0.07 Semec & Huang(1984)°

SABNGS No, 3 1985-1987 95.6-114.3 FS/MSC 0.10 0.07 Huang & Semec(1985)*
Semec & Huang(1986)°

Hamilton 1987 9.2-25.4 Fs/scC 0.02 - Present Study
Oakville 1977 39-74 FS/8C 0.02 0.06 U.W.0. Records
Halton 1988 4.2-6.6 FS/SC 0.02 - -
Power Glen SABNGS No, 3 1984 66.0-70.3 FS/SC - 0.04 Present Study
Grimsby SABNGS No. 3 1984 49.3-60.2 FS/8C - 0.04 -
Rochester Niagara Falls 1976 26.5-31.1 FS/SC 0.04 - Wai(1977)

NOTE : ' FS stands for the free swell test, SC stands for the semi-confined swell test and MSC stands for
the modified semi-confined swell test.

? Tests performed at UW.O., laboratory for Ontario Hydro( 1984 —1987 tests performed by author),

Seven shale formations were investigated in the present study and they are (a) the Col-
lingwood shale, (b) the Blue Mountain shale, (¢) the Georgian Bay shale, (d) the Queenston
shale, (e) the Power Glen shale, (f) the Grimsby shale and (g) the Rochester shale, The list
of shale formations, projects and sources of the test results is shown Table 1.

This paper presents the results of the study on factors influencing the swelling behaviour
of shales, The effect of ambient water on the swelling behaviour of shales is investigated first.
The effect of calcite content is then studied and the effect of the applied stress is lastly
discussed for shales studied. Since the effect of the fabric was reported by Lee” and Lo et
al.”, a further discussion on this will be omitted in this paper.
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EFFECT OF AMBIENT WATER

To study the effect of ambient water on the swelling of shale and the structure of test
specimen, a cylindrical specimen was prepared and kept in the moist air(100% humidity
condition) by storing the specimen in the concrete curing room. The compressional wave
velocity and the weight of this specimen were then monitored at appropriate time intervals,
The ratio of the wave velocity at any time(V) to the initial wave velocity(Vp) and the ratio
of change in weight(AW : increase in weight in the present study) at any time to the initial
weight(Wg) of the specimen are plotted against the elapsed time in Figure 1. In the same
figure, the vertical swelling strain from a free swell test is also plotted for better interpret-
ation of test results,
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It may be observed that the compressional wave velocity decreases with increasing elapsed
time. The decrease in the wave velocity at the end of the 635 day test is about 13% of the
initial wave velocity, indicating that cracks have developed in the specimen during test. It
is interesting to note that the compressional wave velocity decreases as the specimen swells,
implying that the swelling of the specimen is associated with the formation of cracks in the
specimen,

The rate of weight change increases with increasing elapsed time. The weight increase at
the end of the test is about (.31 % of the initial weight of the specimen. The weight of the
specimen increases as the specimen swells, indicating that the swelling of the specimen is
associated with the amount of water absorbed, in cracks formed during the swelling.

In order to verify the above observations, two shale samples, one from the Queenston shale
and the other from the Blue Mountain shale, were visually inspected before and after free
swell test. From the inspection of the specimen after free swell test, the pattern of cracking
is easily noticed due to the dark lines on the light surface(Figure 2). The dark colour in
these lines is mainly due to the presence of the water, while the light-coloured portion on
these samples is the dry surface of the sample, When these samples were inspected visually
before the test, there was no sign of cracks on the surface of these samples, Therefore, these
cracks were developed and filled with water during the test, as the test specimen swelled.
The results of the visual inspection confirm that the swelling of the shales is associated with
the formation of cracks and the increase in the amount of water absorbed,

It is also interesting to note that these two shales show a different pattern of cracks, as
shown in Figure 2. The Blue Mountain shale exhibits a brick-layer pattern of crack, while
the Queenston shale shows a more random pattern of cracks. These crack patterns are con-
sistent with the fabric of these shales discussed in Lee”, The Blue Mountain shale has a
strong clay fabric with preferred orientation of horizontal layering, while the Queenston shale
shows a less distinctive clay fabric compared to the Blue Mountain shale,

To extend this observation to other shales, the ratio of the increase in weight after test
(AW) to the initial weight (Wg) of the sample is plotted against the vertical swelling
potential of three shales and three shaly limestones in Figure 3. It may be observed that the
amount of water absorbed(ie. increase in weight of the specimen) increases almost linearly
with the increase in the vertical swelling potential of swelling rocks studied. From the obs-
ervations made in Figures 1, 2 and 3, it may be generalized that the swelling of shale is
associated with the formation cracks and the amount of water absorbed in these cracks.

THE EFFECT OF CALCITE CONTENT

The importance of mineralogy on swelling behaviour of shales from southwestern Ontario
has been studied in detail and reported in Lee®. It has been found from this study that the
swelling of shales from this region is not attributed to minerals like pyrite, anhydrite or
swelling clay minerals. It has also been shown that shales studied contain some amount of
calcite as non-clay minerals.

.The effect of cementation by calcite on inhibiting the swelling of shales was illustrated
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a)

b)

Fig 2. Sample photos showing crack patterns of
a) Queenston shale sample and
b) Blue Mountain shale sample

(After free swell test)

by Lo et al”. It was shown that the swelling potential decreased with increasing calcite
content, based on the test results on a relatively limited number of shale formations. To

establish an approximate correlation generally applicable to shales from this region, the
swelling potentials from all the existing test results are plotted against the corresponding

calcite content of the samples. Considering the effect of sampling depth on the swelling
behaviour of shales, the test results are divided into two groups :

(a) One group containing test results from shallower depth than 40m below ground sur-
face, and

(b) The other group comprising test results from depth greater than 40m.

In Figure 4, the test results from the shallow depth are presented. From the examination
of the test results in this figure, the following observations may be made :

(a) There is a general trend of decrease in both horizontal and vertical swelling potentials
with increasing calcite content,

(b) For a shale having a calcite content exceeding 30 %, the swelling potential is essent-
ially zero,

(c) Some of test results fall above the approximate limit lines for both horizontal and
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vertical swelling potentials given by Lo et al?,

From the above observations, it is ncw evident that the appoximate limit lines suggested
by Lo et al.¥ may have to be revised for better correlation between the swelling potential
and the calcite content. New upper limit lines covering almost all the data points are drawn
in Figure 4 for the horizontal and the vertical swelling potentials of the sample. It may be
noted that the main engineering usage of the correlation is to provide an assessment of the
swelling of the shale in the preliminary stage of a project, not a quantitative application of
the data.

The vertical and the horizontal swelling potentials from the deeper depth are plotted
against the corresponding calcite content of the sample and the results are found in Lee®,
All the ovservations made above are found to be valid.

THE EFFECT OF THE APPLIED STRESS

The stress-dependency of the swelling behaviour of shaly rocks was well demonstrated by
Lo et al®. Using the test results for shales (two formations) and shaly limestones (two for-
mations), they observed that both horizontal and vertical swelling potentials decreased with
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Fig 4. Effect of calcite content on swelling potentials of shale samples
from depth shallower than 40m

increasing applied stress.

To investigate a gereral pattern of the stress-dependency of swelling behaviour of shales,
the swelling potentials from semi-confined swell tests are plotted against logarithm of the
appli.ed stress . Vertical swelling potentials are plotted aganist the applied stress in Figure
5 for shales from southern Ontario. For a clearer discussion of the test results, the stress-
dependency parameter, S, is defined as the slope of the curve in the plot of the swelling
potential versus logarithm of applied stress. Upon examining the test results presented in
Figure 5, the following observations are made :

(a) The vertical swelling potential from all the shale formations studied generally decreases
linearly with increasing applied stress in the semi-log plot.

(b) The rate of decrease in swelling potential, that is, the stress-dependency parameter,
S, is substantially different for shales tested. The Georgian Bay shales show the stress-dep-
endency parameter in the range of 0.20 to 0.32, indicating that vertical swelling potentials
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Fig 5. Effect of applied stress on vertical swelling potential
of swelling shales, southern ontario

are strongly stress—dependent. The values of S for the Queenston shale samples from Halton,
Oakville, and Hamilton and the Rochester shale are one roder of magnitude lower, ranging
from 0.02 to 0.04. The Wueenston shale from Niagara Falls shows the stress—dependency
parameter falling in between these two(S=0.1).

(c) High stress-dependency parameter of the Georgian Bay shale and the Blue Mountain
shale may be attributed to the effects of the fissility and the fabric on the shale after sam-
pling. (d) Difference in the stress-dependency parameter between the Queenston shale from
SABNGS No. 3 site and that from other areas may be attributed to different calcite content,
and possibly to different magnitude of stress relief due to sampling process.

The horizontal swelling potential is plotted against the applied stress in Figure 6 for shales
from southern Ontario, From the examination of the test results shown in Figure 6, the
following observations are made :

(a) As in the case of vertical swelling potential, the horizontal swelling potential from all
the shales studied decreases with increasing applied stress linearly in the semi-log plot.

(b) The Georgian Bay shale shows strong stress-dependency in the horizontal swelling
potential, The stress-dependency parameter, S, ranges from 0.07 to 0.11.
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Fig 6. Effect of applied stress on horizontal swelling potential
of swelling shales, southern ontario

(¢) The stress-dependency parameter for the Power Glen shale and the Grimsby shale
is 0.04, indicating that the swelling potentials of these shales are weakly stress-dependent.

(d) The Queenston shales from Niagara Falls and Oakville show the intermediate stress-
-dependency of the swelling potential, ranging from 0,06 to 0.07.

(e) In general, the stress-dependency parameter in the horizontal direction is smaller than
that in the vertical direction for the same shale formation, mainly due to the anisotropic
swelling behaviour of these shales as discussed in Lee?

The stress-dependency parameters in the vertical and horizontal directions Sy and Sy are
summarized in Table 1.

CONCLUSIONS

From the results of the study of all the existing data on the seven shales from southwes-
tern Ontario, the following conclusions may be drawn :

(a) The swelling of shale is associated with the formation of cracks in the specimen and
the absorption of water in these cracks. It has been established that the amount of absorbed
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water during the test can be related linearly to the magnitude of swelling potential.

(b) In general, both horizontal and vertical swelling potentials decrease with increasing
calcite content, regardless of the sampling depth. For a shale having a calcite content exce-
eding 30 %, no swelling is expected to occur in both horizontal and vertical directions,

(¢) Both horizontal and vertical swelling potentials generally decrease with increasing
applied stress. Both horizontal and vertical swelling potentials of the Georgian Bay shale
are strongly stress-dependent, while those of the Queenston shale are moderately stress-
dependent.
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