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Abstract

With the interests to see specimen thickness (hsp) effect on apparent swelling pressure (ps) of compacted bentonite and capture char-
acteristics of ps development during wetting bentonite specimens (ps evolution, hereafter), a series of tests to measure ps of compacted
bentonite specimens with a dry density (qd) range of 0.99–1.76 Mg/m3 and a specimen thickness (hsp) range of 2–10 mm were conducted.
Test results suggest: (1) ps evolution generally has common characteristics with four feature points chronologically: peak (tp, pp), valley
(tv, pv), initial equilibrium (tei, pei) and an equilibrium (teq, peq), where, tp, tv, tei and teq represent time (t) and pp, pv, pei, and peq denote ps
of the four feature points, respectively; (2) within the tested range, hsp effect is generally minor on ps at feature points, and pp, pv, pei, and
peq have well correlations with specimen final dry density (qdf); (3) time scale for specimens with different hsp can be well unified by a time
coefficient vsp (=hsp/

p
t).

� 2022 Published by Elsevier B.V. on behalf of Japanese Geotechnical Society. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Compacted bentonite is being considered as a barrier
material for geological disposal of high level radioactive
waste or spent nuclear fuel in many countries (e.g. JNC,
1999; SKB, 2011; Posiva, 2012; METI, 2018). With proper-
ties of swelling, low permeability, capturing and immobiliz-
ing radioactive nuclei, etc. of bentonite, the bentonite
barrier together with other barriers are expected to isolate
the waste for several tens of thousands of years. The pres-
sure generated by swelling potential of compacted ben-
tonite blocks, when their apparent swelling deformation
https://doi.org/10.1016/j.sandf.2021.101099
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is confined during absorbing ground water, is a basic
parameter in the barrier system design. Herein, this pres-
sure is designated apparent swelling pressure (ps) to distin-
guish from the swelling pressure of montmorillonite
crystalline in bentonites.

To measure ps, consolidation testing has been often
applied initially, in which loadings applied to a bentonite
specimen were adjusted to constrain specimen swelling
deformation to a minimum level (e.g. Sridharan et al.,
1986). Subsequently, the zero-swell method was proposed,
for which specimen swelling is restrained by rigid walls
instead of loading adjustment and ps is measured by a load
cell placed behind the rigid wall or a pressure sensor
embedded in the rigid wall (e.g. Tang et al., 2011). Typical
specimen thickness (hsp) ranged from 5 to 30 mm, though
hsp = 20 mm case seemed popular (Komine and Ogata,
1994; Villar and Lloret, 2008; Lee et al., 2012; Sun et al.,
ical Society.

org/licenses/by/4.0/).
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Fig. 1. Schematically illustration of non-monotonic characteristics of ps
evolution.
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2013; Tanaka and Watanabe, 2019; Chen et al., 2019).
Within this hsp range, tests were often terminated from
about one week to more than three months. Tanai et al.
(2010) and Nakamura et al. (2011) conducted a series of
swelling pressure tests and reviewed past representative
experimental results seeking to standardize the ps testing
method for compacted bentonites. However, they found
that the data variation (i.e. data magnitude difference
under otherwise similar conditions) of the equilibrium
swelling pressure (peq) could be significant even for individ-
ual studies among those with sufficient data.

Wang et al. (2021) descripted a swelling pressure cell
that was designed to measure montmorillonite swelling
by the X-ray diffraction during wetting of a compacted
bentonite. They provided a dataset measured by this cell
for hsp = 2 mm specimens indicating that test duration
might be reduced to less than one day with very small peq
variation with their method. However, experimental results
by Suzuki and Fujita (1999) and Tanai and Kikuchi (2008)
suggested that peq may be largely affected by the thickness
diameter ratio (hsp//sp, /sp is specimen diameter). Since
few studies are available on the specimen dimension effect
issue to the best of authors knowledge, one of the objec-
tives of this study is to examine hsp effects on peq with the
latest testing system.

Another objective is to understand the specimen thick-
ness effect on the whole ps development process during
water absorption of compacted bentonite (hereafter, ps
evolution), which is also important for safety evaluations
of the disposal system. It was because that the saturation
process of the compacted bentonite blocks may take sev-
eral tens to several hundreds of years, during which
thermal-hydraulic-mechanical-chemical couplings occur
between bentonite blocks, the host bedrock and waste con-
tainer (JNC, 1999; Chijimatsu et al., 2001). The ps evolu-
tion often has a non-monotonic characteristic for many
widely used bentonites in research, such as MX-80 (e.g.
Pusch, 1980), FEBEX (e.g. Villar and Lloret, 2008), Kuni-
gel V1 (e.g. Tanaka and Watanabe, 2019), Gaomiaozi ben-
tonite (e.g. Chen et al., 2019), and a Korean bentonite (e.g.
Lee et al., 2012). As schematically illustrated in Fig. 1, ps
first sharply increase to a peak, then drops to a valley, then
re-increases to a certain magnitude, where ps slightly
increases or decreases thereafter until approaching an equi-
librium pressure. This non-monotonic characteristic was
attributed to montmorillonite swelling and movement of
soil particles as water content (w) increases. First of all,
many studies based on X-ray diffraction shown that basal
spacing of montmorillonite (d001) increases with an increase
in w (e.g. Moore and Hower, 1986; Watanabe, 1988;
Yamada et al., 1994; Ferrage et al., 2005; Likos and Lu,
2006; Morodome and Kawamura, 2009; Wang et al.,
2020). Even by confining the apparent deformation of com-
pacted bentonites, d001 may easily expand in the crystalline
swelling region (�1 nm � �1.9 nm) for Na type montmo-
rillonites (Takahashi et al., 2015; Wang et al., 2021). This
swelling induces reduction of void space between particles
2

and increase of ps. On the other hand, soil particles also
move to less stressed locations because of an increasing ps
and a decreasing matric suction between particles, which
result in collapse of macroscopic soil structure as observed
from the mercury intrusion porosimetry (Cui et al., 2002;
Romero and Simms, 2008; Bian et al., 2019). Subsequently,
macroscopic collapse induces tentative ps reduction, and
until the new soil skeleton is stabilized, ps re-increases by
further swelling of montmorillonite. In this study, specimen
density condition is correlated with ps at some feature
points to capture the characteristics of the ps evolution,
which has not been detailed studied in the past. Moreover,
time scale of the ps evolution for various thicknesses spec-
imens is normalized with a new parameter based on diffu-
sivity behavior of water governed by the extended Darcy
equation, which illustrates the relation between water diffu-
sion and ps evolution.

2. Testing material, apparatus and test program

2.1. Material

Commercial Na type bentonite Kunigel V1 (K_V1),
which is a candidate material in the Japanese geological
disposal project, was used for all tests conducted in this
study. Montmorillonite content was 53–56% with an aver-
age of 54% based on three (i.e. six samples) the methylene
blue adsorption tests (JIS, 2019). The initial gravimetric
water content (wi) in the laboratory environment (relative
humidity = �50%, temperature = 23 �C) was about 7–
8% measured during specimen preparation. Specific gravity
(G s) is 2.8 ± 0.03 (Wang et al., 2021), and other details are
provided in an earlier report (Wang et al., 2020).

2.2. Test apparatus

Two types of apparatuses were employed as shown in
Figs. 2 and 3. Apparatus T1 is a simplified version of the



Fig. 2. Test apparatuses and specimen preparation method.
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swelling pressure cell proposed by Wang et al. (2021). A
pressure sensor (diameter: 6 mm, capacity: 7 MPa) is glued
in the stainless base plate with a thickness of 5 mm. The
specimen is confined in a specimen ring with an inner diam-
eter of 28 mm and an outer diameter of 38 mm. A stainless
steel top plate with a thickness of 5 mm fastened by six M3
bolts to the base plate is used to confine specimen deforma-
tion. Water is supplied to a specimen through a water inlet,
a water groove and a membrane filter. The water outlet in
the base plate (Figs. 2b and 3) is designed to flush air in the
groove at the beginning of a test. Apparatus T2 is a newly
3

designed one particularly for ps measurement (Fig. 2c, d
and Fig. 3), of which top and base plates with a thickness
of 15 mm are fastened by four M5 bolts. A T-shape sensor
(diameter: 6 mm, capacity: 7 MPa) is glued in the top plate.
The water supply inlet and water groove are moved to the
top plate. Similarly, a water outlet is also designed to flush
air in the groove.

Distilled water was supplied to specimens during tests.
Note that water was not sealed in the apparatus T1, thus,
water head supplied was set low enough to avoid leakage.
Porous plates, usually used as media to supply water uni-



Fig. 3. Photos of testing apparatuses.
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formly, were not used. The main purpose is to simplify
apparatus design and refine mechanical manufacture,
which can reduce undetectable specimen deformations.
Also water supply through a membrane filter prevents sig-
nificant water distribution non-uniformity as confirmed by
Wang et al. (2021).
2.3. Test program

Specimens with a diameter (/sp) of 28 mm and hsp of
3 mm, 4 mm, 5 mm and 10 mm were prepared by means
of static compaction using an oil jack. As shown in
Fig. 2e, the specimen ring was put on a base block and
mounted by a cap ring and a confining ring was used to
hold two rings as a whole. Pre-determined amount of mate-
Table 1
Summary of test conditions.

hsp Test no. (groups) wi qdi
% Mg/m3

2 mm 28 (7) 7.1–7.9 1.00–1.86
3 mm 12 (3) 7.2–7.4 1.14–1.80
4 mm 8 (2) 7.4–7.5 1.13–1.80
5 mm 8 (2) 7.4–7.7 1.18–1.82
10 mm 12 (3) 7.1–7.5 1.15–1.74

Note: hsp: specimen thickness; Test no. (groups): total number of tests and tot
material; qdi: initial dry density; wf: final water content; qdf: final dry density; S
Fig. 3); tests for hsp = 2 mm specimens were conducted in Wang et al. (2021)

4

rial was first placed into the rings and then material surface
was evened. Then, the compaction block was carefully
inserted into the cap ring. Finally, the base block was
placed in the jack frame, and the compaction block was
compressed into the cap ring by the jack. After two min-
utes, the compaction force was released.

Specimen conditions prepared are summarized in
Table 1 and more details are given in Table A1 in the
appendix. In both tables, information for hsp = 2 mm spec-
imens tested with the T1 apparatus by Wang et al. (2021) is
also included for comparison. Four specimens, as one
group, were always prepared and tested simultaneously
by four sets of apparatuses in each hsp case. The wi of the
KV_1 was measured during specimen preparation. For
each hsp case, at least two groups (eight specimens) cover-
wf qdf Srf App.
% Mg/m3 %

23–61 0.99–1.72 89–110 T1
21–47 1.13–1.75 89–99 T2
22–51 1.13–1.74 95–102 T2
21–47 1.18–1.76 91–103 T1 & T2
22–49 1.15–1.72 96–102 T1 & T2

al number of test groups in parentheses; wi: initial water content of tested

rf: final degree of saturation; App.: apparatus used for the test (Fig. 2 and
.



Fig. 4. Typical time histories of apparent swelling pressure (ps) for specimens with thickness (hsp) of: (a) 2 mm; (b) 3 mm; (c) 4 mm; (d) 5 mm; and (e)
10 mm.
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ing initial dry density (qdi) rang from 1.1 to 1.7 Mg/m3 were
conducted. After specimen compaction, the top and bot-
tom of the specimen were trimmed evenly to have the same
thickness as the specimen ring. A balance with a solution of
5

0.1 mg for all the mass measurements and micrometers (or
bore gauge) with a solution of 1 lm for all length measure-
ments were employed during specimen preparation and
testing. By assuming specimen volume was the same as



Fig. 5. Examples to determine (a) (tp, pp) and (tv, pv); (b) and (c) (tei, pei).
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specimen ring inner volume, qdi was calculated from wi and
total mass of the trimmed specimen before tests. In case of
ps with a magnitude of several MPa, the two membrane fil-
ters used in Figs. 2 and 3 can be compressed about
�0.13 mm and the apparatus T1 can be elongated for
�0.05 mm (Wang et al., 2021). These changes were consid-
ered as swelling deformation of tested specimen to get the
final dry density (qdf) of tested specimens. Note that new
membrane filters were used for each test in Wang et al.
(2021), while used membrane filters with thinner thickness
were also used sometimes to reduce their compression.
3. Test results and discussions

Fig. 4 presents typical time histories of ps of specimens
with different hsp and qdf. Group numbers (G-no) and spec-
imen qdf values are indicated, by which specimen details
can be found in Table A1. It can be seen that ps evolutions
have similar features as illustrated in Fig. 1. To describe in
a quantitative manner, ps evolution is characterized with
four feature points as defined in Fig. 1: peak (tp, pp), valley
(tv, pv), initial equilibrium (tei, pei), and equilibrium
(teq, peq). For relatively loose specimens, peak maximum
6

(i.e. pp) or valley minimum (i.e. pv) may keep constant in
a certain time range (e.g. Fig. 5a). For these cases,
(tp, pp) is defined as the last maximum point immediately
before drop in ps and (tv, pv) is assigned at the middle point
of the time range. Additionally, their ranges are indicated
by Dtp and Dtv as illustrated in Fig. 5a. The point (tei,
pei) is defined as the turning point, after which ps
approaches peq gradually. In most cases, ps seems to
increase after pei, though cases for decrease and constant
are also observed. To reduce human error, the (tei, pei)
point is assigned at the intersection point of extrapolation
of lines of linearly change parts of ps time history as illus-
trated in Fig. 5b and 3c. The (teq, peq) point is assigned at
the last measurement before termination of the test, though
ps may be not completely in an equilibrated state. Informa-
tion for feature points of all tested specimens is summa-
rized in Table A1. Note that some data of feature points
for 2 mm specimens may be slight different from those
reported by Wang et al. (2021) based on definitions in this
study.

From Fig. 4, with an increase in qdf for each hsp case, tp
values generally increase, while tv or tei values are some-
what constant for specimens with qdf > 1.4 Mg/m3. The



Fig. 6. Testing results repeatability for specimens with thickness (hsp) of:
(a) 2 mm; (b) 3 mm; and (c) 10 mm.

Fig. 7. Relation between final dry density (qdf) and equilibrium swelling
pressure (peq).
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valley seems to be deepest at an intermediate qdf for spec-
imens with the same hsp, and it becomes shallow by either
densifying or loosening. On the other hand, by looking at
the valley among all hsp cases, the valley seems to become
deeper for thicker specimens with otherwise similar condi-
tions. Some irregular ps reduction as shown by dash line or
dash circles in Fig. 4d is observed. The reduction was
induced by accidental stoppage of water supply during
the tests, which often occurred when the water groove of
T1 apparatus could not be flushed frequently for relatively
thick specimens. After flushing, ps returns to the corre-
sponding level (e.g. data in dash circles).

Fig. 6 depicts ps time histories of specimens with similar
qdf values for hsp = 2 mm, 3 mm and 10 mm cases, where
qdi values are also indicated. It can be seen that not only
the peq values, the time histories are also very close for
specimens with similar qdf values especially for relatively
loose specimens. Though relatively large difference is also
observed for relatively dense specimens (e.g. qdf = 1.60-
Mg/m3 in Fig. 6a), this difference is reasonably small com-
paring to past studies (Suzuki and Fujita, 1999; Lloret
et al., 2003; Komine, 2004; Villar and Lloret, 2008; Lee
et al., 2012). Fig. 6 also emphasizes the important of con-
sidering swelling deformation in calculation of qdf. As men-
tioned in Section 2, membrane filter compression and
apparatus elongation were considered as swelling deforma-
tions of specimen in calculation of qdf. Though qdf is more
sensitive to these deformations for relative thin specimens
(e.g. Fig. 6a and 3b), the repeatable testing data also sug-
gests that the calculation method of qdf is reliable.



Fig. 8. Relation between final dry density (qdf) and: (a) peak swelling pressure pp; (b) valley swelling pressure pv; and (c) initial equilibrium swelling
pressure pei. Note that data for hsp = 2 mm specimens may slightly different from those reported by Wang et al. (2021).
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3.1. Effect of hsp on the ps-qdf relation

The relation between qdf and peq as shown in Fig. 7
seems to follow an exponential line well and the hsp effect
on the relation seems minor. Comparing to past studies,
such as those reviewed by Tanai et al. (2010) and
Nakamura et al. (2011) for K_V1, peq variation shown in
Fig. 7 is surprisingly small regardless hsp. An exponential
fitting result is proved as a reference in the same figure,
which considered all date with ordinary least squares
method.

In terms of the hsp effect on the peq-qdf ralation, Suzuki
and Fujita (1999) tested K_V1 specimens with qd of
1.8 Mg/m3 by varying thickness diameter ratio (hsp//sp).
They found that peq magnitude was nearly doubled when
hsp//sp increased from 0.5 to 2. They also presented exper-
imental data showing that for higher hsp//sp specimens, qd
difference along the compaction direction was larger. The
8

qd difference is induced by friction between tested material
and sidewall of the specimen ring during specimen com-
paction, and the difference is expected to be the reason
causing peq difference of various hsp//sp values. Tanai and
Kikuchi (2008) conducted a similar study with more qd
cases, and they further found that hsp//sp effect on peq
became insignificant for looser specimens, which can also
be explained by friction effect. On the other hand, hsp//sp

ranges from 0.07 to 0.36 in this study which is much smal-
ler than values applied in these two studies so that hsp effect
on peq is minor.

The relations between qdf and pp, pv and pei , as shown in
Fig. 8, are presented in a similar manner as that in Fig. 7.
For all three relations in Fig. 8, hsp effect seems insignifi-
cant, though pp for hsp = 10 mm specimens and pv and
pei for hsp = 2 mm specimens seem to have slightly larger
magnitude comparing to other specimens under the same
qdf. Additionally, coefficient of determination (R2) values



Fig. 9. Relation between final dry density (qdf) and time (t) when ps reaches: (a) peak swelling pressure (tp); (b) valley swelling pressure (tv); and (c) initial
equilibrium swelling pressure (tei). Note that data for hsp = 2 mm specimens may slightly different from those reported by Wang et al. (2021).
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suggest data variation is larger in the earlier stage of ps
evolution.
3.2. Effect of hsp on the t-qdf relation

The relations between qdf and tp, tv and tei are shown in
Fig. 9, where Dtp and Dtv are indicated by error bars in
Fig. 9. It is shown that as qdf increases, tp monotonically
increases, tv first increases to a maximum at qdf = �1.4–1
.5 Mg/m3 then decreases slowly thereafter, and tei also
increases slightly until qdf reaches �1.4 MPa/m3 and keeps
almost constant thereafter.

Since measured ps is an apparent result montmorillonite
swelling and particle movement during water absorption,
time needed to reach a particular ps point is essentially
depended on water diffusivity (D) of the specimen. In other
words, even with a very thin specimen, the test is essentially
a boundary value test that w distribution along water sup-
9

ply direction changes with t, and w distribution at a partic-
ular t determines ps. Water diffusion in unsaturated soil can
be described by Eq. (1) which is the extended Darcy equa-
tion by ignoring the elevation potential (Richards, 1931;
Klute, 1972; Wang et al., 2020)

@h
@t

¼ @

@z
D
@h
@z

� �
;D ¼ KðhÞ dh

dH
ð1Þ

where, z: position axis along water supply direction with
origin at water supply end

H = H (z, t): pressure head of the soil water
K (h): hydraulic conductivity function of the soil
h: volumetric water content

It was found that D of compacted bentonite is a func-
tion of z/

p
t for one dimensional water movement (Bruce

and Klute, 1956; Wang et al., 2020). With this theoretical



Fig. 10. Typical relationship between time coefficient (vsp) and normalized apparent swelling pressure for specimens with different thickness (hsp) but
similar final dry density (qdf): (a) qdf = �1.7 Mg/m3; (b) qdf = �1.6 Mg/m3; (c) qdf = �1.5 Mg/m3; (d) qdf = �1.4 Mg/m3; (e) qdf = �1.2 Mg/m3; (f)
qdf = �1.1 Mg/m3.
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background, a time coefficient vsp (=hsp/
p
t) is proposed

herein to normalize time scale for different hsp specimens.
Fig. 10 presents typical normalized results, where data
for specimens with similar qdf but different hsp are put into
the same subfigure. For comparison convenience, ps is nor-
malized by pei. The overall characteristics seem to very sim-
ilar along vsp scale for specimens with similar qdf.

Time coefficients at feature points (vp = hsp/
p
tp,

vv = hsp/
p
tv and vei = hsp/

p
tei) are summarized in

Fig. 11 (data are available in Table A1), which suggested
that time scale can be well normalized with this coefficient.
The fitting lines as shown lines in Fig. 11 are also plotted in
Fig. 9, which indicates these empirical lines can well esti-
mate t for different hsp with known density. From
Fig. 11, hsp effect (i.e. data variation) on vei seems much
smaller than that of vp and vv implying that tei may be esti-
mated accurately for a specimen with different hsp. A test to
measure ps of a K_V1 specimen with hsp = 100 mm was
conducted by Suzuki et al. (1999), which would be the
thickest specimen available for this type of test. The vei cal-
culated from tei (=�5800 h or �8 months) of this specimen,
as indicated in Fig. 11c, seems very close to the data
obtained by this study. This result also implies that ps
10
behaviors of thick bentonite specimens may be estimated
by observing ps behaviors thinner specimens. For instance,
wetting duration of 20 h for a 2 mm specimen corresponds
a wetting duration of 2000 h (i.e. �83 days) for a 20 mm
specimen.
4. Conclusion

This paper presents experimental datasets of apparent
swelling pressure (ps) by wetting compacted bentonite spec-
imens with a dry density (qd) range of 0.99–1.76 Mg/m3

and a specimen thickness (hsp) range of 2–10 mm. It is con-
firmed that ps development during wetting (ps evolution)
generally has common characteristics with four feature
points chronologically: peak (tp, pp), valley (tv, pv), initial
equilibrium (tei, pei) and an equilibrium (teq, peq), where,
tp, tv, tei and teq represent time (t) and pp, pv, pei, and peq
denote ps of four feature points, respectively. It is found
that hsp has generally minor effects on ps at feature points
within the tested ranges, and pp, pv, pei, and peq have well
correlations with specimen final dry density (qdf) following
exponential functions. On the other hand, time scale can be



Fig. 11. Relations between final dry density (qdf) and time coefficient at feature points: (a) at peak point (vp); (b) at valley point (vv); and (c) at initial
equilibrium point (vei).
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unified by a time coefficient vsp (=hsp/
p
t) proposed in this

study.
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Table A1
Details of specimen conditions and test results.

hsp G-no. wi qdi wf qdf Srf tp pp tv pv tei pei peq vp vv vei App.
% Mg/m3 % Mg/m3 % h MPa h MPa h MPa MPa mm/

p
h mm/

p
h mm/

p
h

2 mm ps2-1 7.10 1.355 38.1 1.343 98.4 0.31 0.45 1.42 0.32 2.77 0.43 0.51 3.69 1.65 1.18 T1
1.552 33.1 1.499 106.7 – – – – – – 1.26 – – –
1.683 28.2 1.600 105.2 0.68 1.56 1.48 1.45 3.00 1.73 1.74 2.53 1.71 1.20
1.859 24.7 1.720 110.0 / / / / 2.91 4.56 4.54 2.00 / 1.25

ps2-2 7.85 1.363 34.7 1.341 89.3 0.30 0.51 1.48 0.36 2.73 0.47 0.56 3.62 1.63 1.20
1.571 29.3 1.510 95.9 0.59 1.22 1.59 1.04 3.06 1.26 1.28 2.81 1.63 1.17
1.698 26.0 1.602 97.2 0.82 1.90 1.43 1.82 2.98 2.15 2.15 2.43 1.75 1.21
1.839 23.0 1.684 97.3 / / / / 2.90 3.88 3.86 2.03 / 1.26

ps2-3 7.85 1.485 32.0 1.452 96.5 0.43 0.90 1.61 0.69 3.03 0.86 0.94 3.12 1.57 1.15
1.608 28.1 1.569 100.1 0.56 1.62 1.54 1.38 3.51 1.85 1.83 2.70 1.63 1.08
1.662 27.7 1.576 99.8 0.75 1.86 1.53 1.74 3.08 2.07 2.15 2.43 1.68 1.19
1.767 25.8 1.653 104.0 0.94 2.36 1.38 2.33 3.00 2.73 2.83 2.17 1.80 1.22

ps2-4 7.70 1.445 31.8 1.420 91.5 0.37 0.75 1.46 0.58 2.84 0.73 0.77 3.43 1.65 1.18
1.590 29.6 1.526 99.4 0.62 1.41 1.52 1.23 2.92 1.49 1.51 2.84 1.67 1.20
1.639 29.4 1.567 104.6 0.66 1.61 1.34 1.50 2.85 1.83 1.84 2.65 1.78 1.22
1.756 24.8 1.631 96.9 1.02 2.47 1.36 2.45 2.90 2.86 2.85 2.25 1.82 1.25

ps2-5 7.68 1.494 30.6 1.456 92.9 0.49 0.94 1.49 0.78 2.93 0.95 0.97 3.11 1.64 1.17
1.613 28.9 1.540 98.7 0.59 1.47 1.48 1.31 3.08 1.59 1.60 2.68 1.70 1.18
1.726 25.5 1.621 98.1 0.94 2.19 1.33 2.16 2.93 2.53 2.53 2.34 1.82 1.23
1.817 23.7 1.672 98.4 / / / / 2.86 3.31 3.29 2.17 / 1.27

ps 2–6 7.47 0.995 61.2 0.993 94.1 0.22 0.07 0.46 0.06 2.06 0.14 0.25 4.75 2.89 1.36 T1
1.125 51.6 1.118 96.1 0.21 0.13 0.90 0.10 2.48 0.19 0.32 4.33 2.09 1.26
1.237 44.0 1.233 96.8 0.26 0.29 1.41 0.19 2.73 0.30 0.43 3.95 1.67 1.20
1.392 38.9 1.372 104.6 0.37 0.64 1.68 0.46 2.94 0.60 0.72 3.36 1.54 1.17

ps 2–7 7.66 1.041 59.5 1.041 98.4 0.21 0.11 0.69 0.10 2.27 0.18 0.28 4.26 2.35 1.30
1.189 46.3 1.185 95.2 0.26 0.22 1.22 0.15 2.65 0.25 0.37 3.88 1.79 1.22
1.345 37.1 1.333 94.2 0.31 0.55 1.76 0.36 2.93 0.48 0.60 3.58 1.50 1.16
1.466 33.4 1.439 98.8 0.46 0.95 1.75 0.72 2.99 0.90 0.98 3.07 1.52 1.16

3 mm ps 3–1 7.32 1.137 46.7 1.134 89.0 0.58 0.19 1.47 0.16 5.22 0.28 0.39 3.95 2.48 1.32 T2
1.707 23.0 1.700 99.4 1.73 3.98 3.90 3.36 6.78 3.95 4.10 2.36 1.53 1.16
1.328 37.5 1.314 92.8 – – – – – – 0.57 – – –
1.509 30.7 1.479 96.3 0.99 1.13 3.79 0.81 7.04 1.05 1.11 3.15 1.58 1.16
1.685 25.0 1.624 96.5 1.64 2.18 3.41 1.95 6.64 2.45 2.48 2.48 1.69 1.21

ps 3–2 7.41 1.248 42.9 1.245 96.0 0.66 0.27 2.71 0.23 6.26 0.34 0.46 3.95 1.83 1.20
1.411 35.2 1.400 98.5 0.86 0.67 4.10 0.43 6.99 0.59 0.68 3.34 1.50 1.15
1.625 26.8 1.595 99.2 1.27 1.91 3.79 1.52 6.94 1.92 1.99 2.73 1.57 1.16
1.797 21.3 1.747 98.8 2.41 5.07 3.29 5.00 6.25 5.76 5.75 2.06 1.71 1.24

ps 3–3 7.17 1.570 28.6 1.535 97.1 1.49 1.15 3.60 0.97 7.08 1.23 1.28 2.65 1.61 1.15
1.621 26.6 1.591 98.2 1.50 1.83 3.82 1.50 7.01 1.87 1.95 2.61 1.57 1.16
1.651 25.2 1.634 99.0 1.39 2.57 4.01 2.02 6.88 2.45 2.57 2.59 1.52 1.16
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4 mm ps 4–1 7.47 1.720 24.6 1.671 101.9 3.27 2.65 6.44 2.42 12.02 2.98 3.12 2.29 1.63 1.19 T2
1.505 32.1 1.474 101.7 1.85 1.05 7.40 0.73 12.96 0.96 1.06 2.99 1.50 1.13
1.335 38.7 1.332 98.4 1.31 0.48 6.33 0.31 12.15 0.45 0.59 3.51 1.60 1.15
1.128 50.5 1.126 95.0 1.00 0.15 3.36 0.12 9.98 0.23 0.39 4.02 2.19 1.27

ps 4–2 7.36 1.604 26.5 1.596 98.4 2.34 1.69 6.37 1.34 12.30 1.71 1.84 2.64 1.60 1.15 T2
1.449 32.7 1.431 97.0 1.57 0.86 6.95 0.56 12.60 0.74 0.80 3.23 1.54 1.14 T1
1.259 42.0 1.257 95.9 1.07 0.29 4.96 0.20 10.80 0.32 0.41 3.89 1.81 1.22
1.801 21.6 1.737 98.7 3.88 4.38 6.05 4.27 11.10 5.02 5.04 2.11 1.69 1.25

5 mm ps 5–1 7.65 1.742 23.8 1.695 103.3 4.90 3.36 9.54 3.07 17.70 3.69 3.86 2.29 1.64 1.21 T2
1.589 28.3 1.569 99.5 3.01 1.83 10.08 1.34 17.90 1.68 1.77 2.85 1.56 1.17 T1
1.387 33.4 1.383 91.1 1.94 0.73 10.25 0.45 18.20 0.61 0.62 3.51 1.53 1.14
1.178 47.2 1.177 95.9 1.44 0.21 5.46 0.16 15.90 0.28 0.40 4.09 2.10 1.23

ps 5–2 7.41 1.817 20.8 1.756 98.1 6.18 6.00 8.68 5.92 16.00 6.78 6.81 2.06 1.74 1.28 T2
1.653 25.8 1.610 97.8 3.72 2.46 10.30 2.00 18.00 2.39 2.45 2.59 1.55 1.18 T1
1.486 30.8 1.473 95.8 2.48 1.12 11.22 0.74 19.30 0.97 1.02 3.12 1.47 1.12
1.310 39.3 1.308 96.5 1.82 0.44 9.47 0.28 20.50 0.41 0.49 3.64 1.60 1.08

10 mm ps 10–1 7.53 1.725 22.3 1.701 96.8 16.00 4.15 40.10 3.42 70.30 4.16 4.20 2.52 1.59 1.20 T2
1.543 28.5 1.531 96.4 11.05 1.57 – – – – 1.35 3.02 – – T1
1.368 36.0 1.367 96.3 8.05 0.63 46.89 0.36 83.10 0.51 0.57 3.51 1.45 1.09
1.153 48.9 1.153 95.8 5.65 0.15 20.30 0.11 63.00 0.22 0.29 4.19 2.21 1.26

ps 10–2 7.28 1.556 28.1 1.544 96.8 11.90 1.72 41.90 1.14 76.50 1.49 1.60 2.92 1.55 1.15 T2
1.386 37.2 1.384 101.7 7.82 0.70 45.10 0.38 72.70 0.55 0.64 3.53 1.47 1.16
1.187 47.2 1.186 97.1 6.14 0.20 20.14 0.17 64.00 0.29 0.35 4.00 2.21 1.24
1.742 21.6 1.717 95.7 17.00 4.79 40.00 3.99 73.20 4.75 4.84 2.46 1.60 1.19

ps 10–3 7.13 1.607 26.2 1.601 97.9 13.20 2.38 44.84 1.62 85.00 2.15 2.20 2.76 1.50 1.09
1.477 31.9 1.463 99.3 10.22 1.16 44.58 0.70 78.30 0.97 1.03 3.09 1.48 1.12
1.521 29.6 1.513 97.6 10.38 1.47 45.00 0.91 80.20 1.24 1.30 3.09 1.49 1.11
1.651 24.2 1.646 96.5 13.80 3.24 43.80 2.24 79.10 2.86 2.94 2.70 1.51 1.13

Note: hsp: thickness of specimens; G-no.: group numbers, for which four tests in the same group were conducted simultaneously; wi: initial water content of tested material; qdi: initial dry density; wf: final
water content; qdf: final dry density; Srf: final degree of saturation; pp: apparent swelling pressure (ps) at peak; tp: time when ps reached pp; pv: ps at valley; tv: time when ps reached pv; pei: ps at initial
equilibrium; tei: time when ps reached pei; peq: equilibrium swelling pressure; vp (=hsp /

p
tp), vv (=hsp /

p
tv) and vei (=hsp /

p
tei): time coefficients corresponding to tp, tv and tei, respectively; App.:

apparatus used for the test (Fig. 2 and Fig. 3); ‘‘-”: data are not available due to measurement troubles; ‘‘/”: data do not exist; all data for hsp = 2 mm specimens were obtained from test results reported
by Wang et al. (2021).
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