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This paper reports the average pore water density (ρwp) measured on a Japanese bentonite, which was
compacted to a dry density (ρd) range from 0·3 to 1·8 Mg/m3 and saturated under a water pressure of
2·7 MPa. It was found that ρwp monotonically increased from �1·0 Mg/m3 at ρd of 0·3 Mg/m3 to
�1·23 Mg/m3 at ρd of 1·8 Mg/m3. A review of the available literature revealed that the methodology of
accurately measuring ρwp in a full range of water content (w) is not available. An upper boundary of ρwp
for montmorillonite was drawn, and proportions of water at different swelling states were estimated.
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INTRODUCTION
Researchers since the 1950s have argued on the issue of pore
water density in soils (ρwp), particularly in clay minerals such
as montmorillonite, and, to date, there is still no consensus
(De Wit & Arens, 1950; Anderson & Low, 1958; Low &
Anderson, 1958; Mackenzie, 1958; Martin, 1960; Pusch
et al., 1990; Villar, 2002; Jacinto et al., 2012; Zhang & Lu,
2018a, 2018b; Navarro et al., 2022; Wang et al., 2022a). In
the 1950s, some researchers measured ρwp with a much
higher magnitude than 1·0 Mg/m3 (e.g. De Wit & Arens,
1950), while others measured ρwp as very close to 1·0 Mg/m3

(e.g. Anderson & Low, 1958). This argument seemed to be
concluded by Martin (1960), who reviewed related research
studies and proposed a line for the relation between
gravimetric water content (w) and ρwp, where ρwp reduces
from 1·46 to �1·0 Mg/m3 as w increases for
Na-montmorillonite (see Fig. 4 later in the paper).
However, this argument has been retriggered with the
extensive studies on compacted bentonite in order to design
a barrier system for high-level radioactive waste disposal (e.g.
Pusch et al., 1990). This issue is particularly important, since
bentonites are considered to be a barrier material, and as a
most basic parameter, the magnitude of ρwp in the bentonite
affects the fundamental behaviours of the whole system.
In most studies ρwp was defined as a ratio of the mass of

pore water (Mw) to the volume of pore water (Vw) in
equation (1)

ρwp ¼
Mw

Vw
ð1Þ

Since Mw can often be easily obtained by oven drying, the
way to measure Vw in the soil is most critical.
De Wit & Arens (1950) and Mackenzie (1958) used the

liquid pycnometer method, as illustrated in Fig. 1(a). In this
method, organic liquids were often used to fill the pycn-
ometer containing the specimen. By assuming that there was
no interaction between the liquid and soil or pore water, the
volume of the specimen (Vsp) and thus Vw could be derived

by knowing the liquid density and soil particle density (ρs),
which can be separately measured.
Zhang & Lu (2018b) and Navarro et al. (2022) used the

gaseous pycnometer method, as illustrated schematically in
Fig. 1(b). For this method, the gas (usually helium gas) was
first pressed into a rigid container (tank 1) containing the
specimen. After measuring the gas pressure (P1), this
container was opened to another container (tank 2) and
the pressure (P2) was measured again. By knowing the
volume of these two containers, the temperature and ρs, Vsp
and Vw can be obtained with Boyle’s law (note that the
equation in Fig. 1(b) is for the isothermal condition).
Martin (1960) proposed the X-ray diffraction (XRD)

method (Fig. 1(c)), assuming that Vw is equal to the
interlayer space volume of montmorillonite at some w
conditions. As is well known, the relation between the basal
spacing of montmorillonite (d001) and w has a stepwise part
and a linear part (e.g. Zhang & Low, 1989; Wang et al.,
2022b). Martin (1960) used the w value at each step end or
points on the linear line to calculate ρwp based on the XRD
data obtained by Mooney et al. (1952) and Norrish (1954a).
Another method is the water saturation method (Fig. 1(d)).

In this method, a specimen is saturated by water and Vw is
calculated fromVsp and ρs. The specimen saturation preprocess
has usually been a part of the swelling pressure, swelling
deformation, or permeability tests on compacted bentonites,
thus many of the data on water density have been reported as
part of these tests. For instance, Villar (2002) conducted
extensive swelling pressure tests, permeability tests, among
others, onFEBEXbentonite, withwhich ρwpwas calculated by
assuming all specimens were fully saturated.
Bahramian et al. (2017) also measured ρwp of a bentonite

using the buoyant force change during water absorption of
the tested bentonite, although their method seems question-
able as reviewed by Zhang & Lu (2018a). Low & Anderson
(1958) proposed an incremental equation method, where
they defined ρwp=ΔVw/ΔMw, where Δ is the increment
symbol. With this method, ρwp values represent the density
of the amount of water entering or evacuating from the soil
water system.
With consideration of all of the above, the methods

currently available seem unsatisfactory to measure ρwp
accurately (Zhang & Lu, 2018a). In this paper, a ρwp
dataset measured very carefully using the water saturation
method under the deformation constrained condition on a
Japanese bentonite is reported and discussion is provided to
portray an upper boundary of ρwp, as well as ρwp at different
swelling states.
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MATERIAL, APPARATUS AND METHOD
The commercial bentonite Kunigel V1 (K_V1), a candidate

material for use in a Japanese geological disposal project, was
used forall tests conducted in this study.Thephysical properties
of K_V1 are summarised in Table 1. Note that all properties
were obtained on the same batch ofK_V1 as used in this study,
although some data have been reported in previous studies.

For details of the apparatus and testing procedure, see the
online supplementary video. Figure 2(a) shows the apparatus
to saturate a specimen. The specimen (H) with a diameter of
28 mm and a thickness of 2 mm was prepared by static
compaction into a stainless steel specimen ring (G). The
details of preparing a 2 mm thick specimen have been
described by Wang et al. (2022c). Briefly, a predetermined
mass of bentonite powder was first poured into a set of
compaction rings with the specimen ring at the bottom. Then,
the powder was evened out and compacted into the specimen
ring by a compaction block on a hydraulic jack. Finally, the
specimen surfaces were shaped by a snap-off blade to have the
same thickness as the specimen ring, and the specimen was
weighed on a balance with the resolution of 0·1 mg. With the
same balance, an initial w of the material used was measured,
associating with the specimen preparation each time.

Then the specimen was sandwiched between two porous
metals (E), fastened between two stainless steel plates (i.e. A
and D) by four M5 bolts (L). Note that two porous films (F)
were placed on two surfaces of the specimen to avoid bentonite

penetration into the porous metal during saturation. Then, as
illustrated in Fig. 2(b), the water outlet was connected to a
vacuum pump and a water inlet was connected to the water
tank. A vacuum of about �98 kPa (gauge pressure) was first
applied to the apparatus byopening valve 1 and closing valve 2
for a few minutes; then valve 2 was open to supply distilled,
de-aired water for several minutes. Thereafter, the pressure in
the water tank was increased to �2·7 MPa using an air
cylinder;meanwhile, valve 1was closed.Thewater pressurewas
maintained until the tube at thewateroutlet sidewas fully filled
with water. This process usually lasts 1–2 days for relatively
loose specimens and 2–3 days for denser specimens. Then, the
water inlet and outlet sides were opened to the atmosphere for
about 1 h for water pressure dissipation. At the last stage, the
specimen was removed from the apparatus and the final w was
measured with a balance having a resolution of 0·1 mg.
The ρd of the specimen after saturation is calculated by

Ms/Vsp, where Ms is the soil particle mass. The specimen
volume Vsp after saturation was assumed to be the summation
of the inner volume of the specimen ring and swelling
deformation by saturation. The thickness and inner diameter
of the specimen ring were measured using micrometers with a
1 μm resolution to calculate the inner volume. Although
specimen swelling deformation was constrained, there are
several major sources causing swelling deformation, such as
apparatus expansion caused by elongation of the fixing bolts
(L in Fig. 2(a)), compression of porous films (F in Fig. 2(a))
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Fig. 1. Methods to measure pore water volume or density: (a) liquid pycnometer method; (b) gaseous pycnometer method; (c) X-ray diffraction
method; (d) water saturation method
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and tinygaps between the porousmetal surfaces, specimen ring
surfaces and the top or base plate surface induced by the
manufacturing limitation for surface roughness and evenness.

The apparatus expansion was directly obtained by measuring
the height difference of the apparatus before and after
saturation. For specimenswith ρd, 1·6 Mg/m3, the expansion
was nomore than 2 μm,whereas for ρd from 1·6 to 1·8 Mg/m3,
the expansion gradually increased to about 20 μm. The porous
film (thickness: �30 μm) compression was not detected by
micrometer (solution: 1 μm) for all tested cases in this study
and thus was ignored. The gap volume between the porous
metals, specimen ring and plates could not be measured, but
this volume should be able to be ignored because the plates and
specimen ring surfaces were mechanically polished to have a
roughness of less than 0·5 μm, and the finest available porous
metal with a pore size of 2 μm was used. As a result, only the
apparatus expansion was considered as the specimen’s swelling
deformation.
The water pressure from the water tank, 2·7 MPa, was

arbitrarily selected based on the capacity of the connecting
tubes and air cylinder, and the pressure at the water outlet side
was not measured. However, when opening the water outlet
side to the atmosphere, water always spurted from the valve,
indicating certain amount of pressure generated at this side. In
terms of time for water pressure dissipation, it should be long
enough. It was estimated that the pore water pressurewould be
well dissipated in 30 min for 2 mm thick specimens based on
consolidation test results of K_V1 (Namikawa et al., 1997).
To calculate ρwp, equation (4) can be derived from

equations (1)–(3), where Gs is the specific gravity ( = ρs/free
water density (ρw)),Vs is the volume of the soil particle and Sr
is degree of saturation.

Table 1. Physical properties of K_V1

Properties Value

Specific gravity (Gs)* 2·8 ± 0·03
Room water content (w0)† 7·1 ± 0·2%
Montmorillonite content (Cm)‡ 53%
Main accessory minerals§ Quartz, feldspar, plagioclase,

calcite
Content of particles size

,5 μm§
73%

Liquid limit (LL)
∥ 505%

Plastic limit (PL)
∥ 45%

Cation exchangeable capacity
(CEC)∥

71·9 meq/100 g

Extractable cations∥ Na+: 53·8 meq/100 g
Ca2+: 35·5 meq/100 g
Mg2+: 1·6 meq/100 g
K+: ,1·0 meq/100 g

*Reported by Wang et al. (2022b).
†For specimens in this study under relative humidity �50% and
temperature �23°C.
‡Reported by Wang et al. (2022a).
§Reported by Wang et al. (2020).
∥Reported by Shirakawabe et al. (2021).
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Fig. 2. (a) Water density apparatus. (b) Testing system
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wGs ¼ Mw

Ms

ρs
ρw

¼ Vwρwp
Vs

1
ρw

ð2Þ

Vw

Vs
¼ Sr

ρs
ρd

� 1
� �

ð3Þ

ρwp ¼
wρdρs

Sr ρs � ρdð Þ ð4Þ

In this study ρwp was estimated using ρd and w after
saturation, Sr = 100% and ρs = 2·80± 0·03 Mg/m3 (Table 1).
The ρs value was obtained byWang et al. (2022b) from about
50 K_V1 samples tested by the pycnometer method.

About 37 tests were conducted in this study, with the ρd
range of 0·3–1·8 Mg/m3 as listed in Table 2. For
ρd� 0·9 Mg/m3, the initial specimen thickness was 2 mm,
as described above. For cases of ρd in between 0·4 and
0·8 Mg/m3, the specimen was initially compacted to a
thickness of 1 or 1·5 m, because it was too loose to be
prepared with a thickness of 2 mm. It was confirmed that the
inner space of the ring was fully filled by the swollen K_V1
after saturation. For the ρd = 0·3 Mg/m3 case, the specimen
could not be compacted, so the specimen ring was first put on
the base plate and a predetermined quantity of K_V1 powder

was placed in the ring. Although the specimen ring seemed to
be fully filled by the swollen powder and thus the sameway of
determining ρd was used, the measurement accuracy should
be lower than for other cases.

RESULTS
The relations between ρwp, ρd and w are plotted in Fig. 3.

The average ρwp values are for specimens with similar ρd
(Table 2). Note that the ρwp data much smaller than the other
three at ρd of 1·6 Mg/m3 were excluded for the average, since
the corresponding specimens might not be fully saturated.
Fig. 3 shows that ρwp monotonically increases from
�1·0 Mg/m3 at ρd of 0·3 Mg/m3 (w=291%) to
�1·23 Mg/m3 at ρd of 1·8 Mg/m3 (w=25%). Data for ρd
from 0·4 to 1·0 Mg/m3 (or w from 217% to 70%) show
relatively higher scattering compared to the case of denser
specimens. Exact reasons for this were not confirmed, while
the large w and small soil mass in these specimens may
introduce more measurement errors. The grey data points are
from Wang et al. (2022a), who conducted swelling pressure
tests for K_V1 with several initial water contents and
calculated ρwp of the tested specimens. It can be seen that
data repeatability in the present study is much better; at the
same time, the ρwp data in the present study well match the
upper end of data from Wang et al. (2022a). This fact
suggests that some specimens with the relatively smaller ρwp
values in Wang et al. (2022a) may not be fully saturated.
Comparing to the testing procedure in Wang et al. (2022a),
highly pressurised water at the water inlet side and vacuum at
the water outlet side were applied in addition in this study,
which may be the reasons for much better repeatability.

DISCUSSION
Upper boundary of ρwp
Representative ρwp data of bentonites or montmorillonites

in past studies are summarised in Fig. 4, Table 3 and the
online supplementary material, where thex-axis of Fig. 4 was
the water–montmorillonite ratio (wm=w/Cm, whereCm is the
montmorillonite content) for convenience of comparison.
Note that, for some data, the smectite content was used as
Cm to calculate wm. It can be seen that, although in most of
these studies the main exchangeable ion in the interlayer
space of montmorillonites is Na+ (Table 3), data variation
between studies is significant.
Data obtained from the liquid pycnometer method by De

Wit & Arens (1950) and Mackenzie (1958) are somewhat
close at relatively small wm (i.e. �10%), but very much
different at wm=�20%. Since the testing procedure was not
described in detail in those studies and this method was not
found to be used in other studies, it is unknown whether the
data consistency and inconsistency are a result of that fact or
the procedure-induced variation. The present author con-
ducted some trial tests on K_V1 with this method (not
shown) but only obtained ρwp values between 0·8 and
1·0 Mg/m3 in most cases.
The data repeatability and consistency from Navarro et al.

(2022) on two bentonites (MX-80 and Volclay) obtained by
the gaseous pycnometer method seem very good. And data
obtainedwith the same method by Zhang & Lu (2018b) seem
also to lend evidence to the high reliability of this method.
However, the following two issues about this method have not
been well addressed.
The first issue is the overestimation ofVsp (Fig. 1(b)) due to

the finite size of gas molecules. The gaseous pycnometer
method is essentially to measure Vsp by filling all voids in the
testing container and in the specimen with the gas (e.g.
helium gas). Even if all of the voids in the specimen are

Table 2. Specimen conditions and results

Directly measured values Averaged values

ρd:
Mg/m3

ρwp:
Mg/m3

w: % ρd:
Mg/m3

ρwp:
Mg/m3

w: %

0·301 0·98 290·9 0·301 0·98 290·9
0·402 1·03 220·0 0·410 1·04 216·9
0·417 1·05 213·9
0·486 1·02 173·7 0·487 1·04 175·7
0·488 1·05 177·8
0·687 1·05 115·1 0·693 1·06 115·4
0·699 1·08 115·7
0·793 1·08 97·25 0·793 1·08 97·25
0·890 1·06 81·61 0·902 1·09 81·68
0·901 1·10 83·04
0·904 1·08 80·90
0·906 1·09 81·50
0·908 1·09 81·33
0·995 1·10 71·14 1·003 1·09 69·96
1·003 1·10 70·55
1·011 1·08 68·19
1·090 1·09 61·21 1·096 1·10 60·91
1·095 1·09 60·40
1·096 1·09 60·62
1·102 1·12 61·40
1·180 1·11 54·37 1·185 1·12 54·34
1·190 1·12 54·31
1·290 1·13 47·16 1·290 1·13 47·28
1·291 1·14 47·39
1·390 1·13 41·04 1·398 1·14 40·98
1·406 1·16 40·91
1·488 1·15 36·34 1·488 1·15 36·34
1·520 1·17 35·19 1·520 1·17 35·19
1·585 1·18 32·30 1·591 1·17 31·87
1·589* 1·12* 30·58*
1·590 1·17 31·79
1·598 1·17 31·53
1·661 1·19 29·03 1·661 1·19 29·03
1·691 1·21 28·24 1·691 1·21 28·24
1·774 1·25 25·92 1·785 1·23 24·99
1·787 1·21 24·40
1·793 1·23 24·65

*These data were not used for average.
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accessible, Vsp will still be overestimated because some voids
cannot be filled by helium due to its finite atom size (Tamari,
2004). Tamari (2004) estimated this overestimation by
equation (5), where Vsp_mea and Vsp_act are measured and
the actual specimen volume, respectively; ρsw is the density of
the particles constituting the specimen (in the case of water
mixed with bentonite in this study, ρsw should be the average
density of the soil particles and pore water mixture); S is the
specific surface area; and rg is the radius of gas molecules.

Vsp mea � Vsp act

Vsp act
¼ ρswSrg ð5Þ

Given ρsw = 2·7� 106 g/m3 for a soil, S=800 m2/g for
montmorillonite and rg� 0·05� 10�9 m for helium (Tamari,
2004), Vsp_act� 0·9Vsp_mea is obtained. Although in the case
of water-mixed bentonite S and ρsw should be smaller, if this
overestimation is corrected using equation (5), the measured
ρwp may increase tremendously. It was estimated using the
MX-80 data given in Navarro et al. (2022), ρwp increases
from the actually measured range of 1·1–1·2 Mg/m3 to
1·3–6·9 Mg/m3 after the correction, as indicated by vertical

dashed lines in Fig. 4 (calculation procedures are given in the
online supplementary material).
The second issue is the underestimation of ρs. If the

specimen were completely dried, the gaseous pycnometer
method could also be used to measure the ρs of a material, as
was done by Navarro et al. (2022). However, because of the
issue of the finite size of gas molecules and the fact that pore
water cannot easily be completely removed by 110°C oven
drying, Vsp will be overestimated (i.e. underestimation of ρs),
especially for specimens with large surface area. This fact has
been well evidenced by Richards & Bouazza (2007), who
compared the ρs data of 12 soils obtained by water and
gaseous pycnometer methods. They found that ρs of a
bentonite by the gaseous pycnometer method was
0·14 Mg/m3 smaller than that by the water pycnometer
method, while ρs values were very similar for sands. If
0·14 Mg/m3 is added to ρs of MX-80 measured by Navarro
et al. (2022), ρwp decreases from the range of 1·1–1·2 Mg/m3

to 0·8–1·0 Mg/m3, as shown by the vertical dashed lines in
Fig. 4 (calculation details are given in the online supplemen-
tary material). From the above analyses, it may be said that
the measurement repeatability of the gaseous pycnometer
method should be good, while the reliability of this method
may largely depend on the properties of the tested materials.
The present author also conducted a few trial tests on K_V1
with this method using a commercial device and obtained a
ρwp range of 0·9–1·0 Mg/m3.
For the XRD method proposed by Martin (1960), the

assumption in this method is not rigorous, but may be a good
approximation for montmorillonites and high-Cm bentonites.
However, this method is very sensitive to selected w and d001
values. For instance, at the stepwise part for K_V1, as shown
later in Fig. 5, if w=8·7% (or wm=16·4%), Δ=0·12 nm
(Wang et al., 2020) and S=800 m2/g�Cm=424 m2/g are
used, a ρwp of 3·2 Mg/m3 is obtained. For the linear part, ρwp
directly depends on the slope of the line. If data from Zhang &
Low (1989) are used, the ρwp at w=119% and 200% changes
to 1·1 Mg/m3 (Fig. 4).
For the water saturation method, the uncertainty (or

reliability) of measured ρwp (dρwp) can be expressed by
equation (6), which is the differential of equation (4).

dρwp ¼ wρ2s
Sr ρs � ρdð Þ2 @ρd þ

ρdρs
Sr ρs � ρdð Þ @w

� wρ2d
Sr ρs � ρdð Þ2 @ρs �

wρdρs
S2
r ρs � ρdð Þ @Sr

ð6Þ
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As mentioned in the previous section, ∂ρs is ± 0·03 Mg/m3

in this study. Since all masses were measured to 0·1 mg and
the lengths to 1 μm for all physical values used for
calculations in this study, w and ρd have four significant
numbers. Thus, a ∂w=±0·05% and a ∂ρd =±0·005 Mg/m3

should be large enough to cover the highest possible
uncertainties of w and ρd, respectively. Since Sr = 100% was
used in the calculations, a ∂Sr =�0·5% can be used. Even
with these overestimated uncertainties, the ∂ρwp is generally
less than 0·04 Mg/m3 for the tested range in this study
(Fig. 4). If only considering ∂ρs of ± 0·03 Mg/m3, the ∂ρwp
will be less than 0·02 Mg/m3 (more details can be seen from
the online supplementary material). As also mentioned in the
previous section, the large variation of ρwp data obtained by
Wang et al. (2022a) in Fig. 3 and by Villar (2002) in Fig. 4
should be mostly attributed to insufficient saturation. For
instance, in the tested range of Wang et al. (2022a), a
∂Sr =�5% (i.e. Sr = 95%) induces �0·06 Mg/m3 increase in
ρwp. In Villar (2002), they also applied very large pressure to
saturate the specimens, while the specimen size was much
larger (e.g. diameter: 50 mm, thickness: 25 mm or 12 mm)
than those in the present study, which may be another reason
for insufficient saturation.

For the incremental equation method, Anderson & Low
(1958) designed a testing method to carefully control the
testing accuracy in order to measure ρwp of montmorillonite
during dewatering of the saturated specimens. As can be seen
from Fig. 4, all their ρwp values are less than 1 Mg/m3. The
present author did not find any specific reason to question

their results, although these data are very different from those
of the present study. If anything, their data may suggest that
water drained out was still free water rather than the interlayer.
As can be seen from the above discussion, there are still

many uncertainties about the ρwp of bentonite in terms of
both measuring methodology and the magnitude of ρwp. One
apparent advantage of the liquid or gaseous pycnometer
method is they can measure ρwp theoretically at any w
regardless of the saturation condition, while the difficulty is
also obviously the way to fill all voids in the specimen using
the liquid or gas. It would be particularly difficult to fill the
interlayer space of montmorillonite at different w conditions.
If even the helium gas for gaseous pycnometer methods
could introduce such a large uncertainty as estimated in
Fig. 4, the organic liquid with much larger size in the liquid
pycnometer method might cause even larger uncertainty. In
contrast, the water saturation method is straightforward and
seems more reliable, although it cannot easily obtain ρwp
corresponding to relatively low w. Also, the ρwp values of pore
water at different states or positions (surface, interlayer space
or capillary water) should be very different (Lu et al., 2022),
but they cannot be separated by this method. Further, the
method used in the present study constrained the swelling
deformation of bentonite during saturation. It is also
unknown whether ρwp changes after releasing the pressure.
Nevertheless, an upper boundary of ρwp (Fig. 4) can be drawn
for bentonites, in which the effects of bentonite types and
exchangeable ion types were ignored.

Water density at different swelling states
There are generally three types of water in bentonites:

water in the interlayer space of montmorillonite (interlayer
water), water absorbed on montmorillonite surface or edges
(surface water) and water excluding the other two, such as
water between non-expansive particles (free water). The
relation between w and d001 of K_V1 measured by Wang
et al. (2020, 2022a) is shown in Fig. 5 (right-hand axis). It
was known that d001 of K_V1 increases in a step-wise manner
to 1·9 nm as w increases, and each step corresponds to a
hydration state of the exchangeable ion – that is, zero, one,
two and three layers of interlayer water as indicated by
0w–3w in Fig. 5 (e.g. Moore & Hower, 1986; Watanabe &
Sato, 1988). This step-wise swelling up to 1·9 nm is often
designated the ‘crystalline swelling’ state (e.g. Norrish, 1954b;
Meleshyn & Bunnenberg, 2005). However, as w increases
further, d001 jumps to another step at �4·0 nm and then
linearly increases (e.g. Zhang & Low, 1989). This swelling
with d001��4·0 nm is often called the ‘osmotic swelling’
state. Recently, Wang et al. (2022a) described a mixed zone

Table 3. Summary of past studies on pore water density

References Soil type Ion type* Cm† Test details

De Wit & Arens (1950) Montmorillonite H+ 100% Liquid pycnometer with petrol fraction
Mackenzie (1958) Montmorillonite‡ Unknown 100% Liquid pycnometer with dekalin
Zhang & Lu (2018b) Montmorillonite Unknown 100% Gaseous pycnometer with helium
Navarro et al. (2022) MX-80

VolClay
Mainly Na+ 84%§

92·4%§
Gaseous pycnometer with helium

Martin (1960) Montmorillonite Na+ 100% XRD data from Mooney et al. (1952)
Montmorillonite Na+ 100% XRD data from Norrish (1954a)

Anderson & Low (1958) Montmorillonite‡ Na+ 100% Dewatering from a saturated specimen
Villar (2002) FEBEX bentonite Mainly Ca2+ and Mg2+ 93± 3%§ Swelling pressure test and permeability test

*Exchangeable ion in the interlayer space.
†Montmorillonite content.
‡This is inferred from text.
§This was smectite content.
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for crystalline and osmotic swelling for w values in between
36% and 65% for K_V1.
Empirically or hypothetically, one has ρw1w. ρw2w.

ρw3w. ρwsf� ρwfr = 1·0 Mg/m3 (e.g. Jacinto et al., 2012),
where ρw1w, ρw2w and ρw3w are, respectively, the interlayer
water density at 1w, 2w and 3w swelling states; ρwsf and ρwfr
are the densities of the surface and free water, respectively.
The interlayer water density at the osmotic swelling state
(ρwos) is unknown, although logically it would be between
ρw3w and ρwsf. From the relation between w and ρwp in Fig. 5
(left-hand axis), it is seen that the slopes of ρwp data
interestingly change from the two boundaries of the mixed
swelling (i.e. 36% and 65%). Since ρwp is an average value for
all kinds of water, the slope change implies a change of
proportions of different types of water. It has to be noted
that, for ρwp with w, 36% (i.e. the crystalline swelling state),
the increasing trend of ρwp associating with the decreasing w
should be mainly induced by the proportional increase of
water in the 1w and/or 2w swelling stage rather than the
proportional decrease of surface or free water. This is
because, first, the proportion of surface or free water
should be very small in these relatively dense specimens
(e.g. Jacinto et al., 2012); second, although the peak of XRD
profiles corresponding to the 3w state in the w range of
21–36% was only observed, mixing layer simulation has
revealed that at least 2w swelling states should co-exist in this
w range (Cases et al., 1992; Holmboe et al., 2012).
It is particularly interesting to know the proportions of

water at different swelling states for any w condition. Herein,
a simple estimation is given. It is first assumed that water
molecules only locate at fixed positions at some particular w
(wp) after the specimen saturation. For instance, as shown in
Table 4, at wp = 0·4, 8·7, 21 and 36%, water molecules are
only in the interlayer space associating with, respectively, 0w,
1w, 2w and 3w crystalline swelling states (i.e. no co-existence
of different hydration states). Further, at wp = 64%, water
distributes in and around the montmorillonite layers corre-
sponding to the osmotic swelling state, and at wp = 290%, the
montmorillonite layers somehow disperse and water distri-
butes rather uniformly. These wp values correspond to w
immediately before the swelling state change (Fig. 5), except
for wp = 290%, which is decided from Fig. 3(b). With this
assumption, ρwp at wp can be regarded as the average water
density at the corresponding swelling state. The ρwp values
corresponding to different swelling states shown in Table 4
were estimated from the ρwp data from this study and inter- or
extrapolation of the upper boundary line in Fig. 4. Note, for
wp = 64%, surface water and interlayer water were combined
into one type considering that the proportion of surfacewater
would not be ignorable and its density would be close to
osmotic water rather than free water.

It is then further assumed that for any w in between the two
nearest wp values, only two swelling states co-exist for all
montmorillonite in a saturated specimen (e.g. for w=10%,
water partially in either the 1w or 2w hydrated interlayer
space). With this assumption, the proportion of water at any
w can be derived by equation (7).

ρwp ¼ Mw

Vw
¼ Mw

Mw1=ρw1 þMw2=ρw2

¼ 1
Cw1=ρw1 þ Cw2=ρw2

ð7Þ

In equation (7),Mw1 andMw2 are water masses at different
swelling states; ρw1 and ρw2 are average water densities at two
swelling states; Cw1 and Cw2 are water mass proportions
belonging to different swelling states, where Cw1=Mw1/Mw
and Cw2=Mw2/Mw=1�Cw1. Fig. 6 shows the calculation
results, whereCw0w,Cw1w,Cw2w,Cw3w,Cwosf andCwfr stand for
proportionscorrespondingtowaterbelonging to0w,1w,2w,3w,
osmotic with surfacewater and free swelling states, respectively.
Apparently, the assumptions used herein are not rigorous and
thusthecalculation isonlyanapproximation.Forthecrystalline
swelling states, water components may be estimated based on
simulation ofXRDprofileswith considerations of internal and
external surfaceareas (Cases etal., 1992;Fernándezetal., 2004;
Jacinto et al., 2012). These estimations might be more
persuasive; however, there are also many assumptions and

Table 4. Pore water density at different swelling states

Swelling stage of
montmorillonite in
K_V1

0w
crystalline
swelling

1w
crystalline
swelling

2w
crystalline
swelling

3w
crystalline
swelling

Osmotic
swelling with
surface water

Free
swelling

Schematic illustration

wp: % 0·4 8·7 21 36 64 290
ρwp: Mg/m3 1·50 1·38 1·25 1·15 1·09 1·0

• Exchangeable ion; ○ water molecule; wp: particular w at which water molecules only locate at fixed positions.
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uncertainties involved. Moreover, this study gives the water
proportionscorrespondingtoosmoticswelling,whichcouldnot
have been analysed by the XRD profiles simulation.

CONCLUSION
This paper reports the pore water density (ρwp) of a

Japanese bentonite (K_V1) compacted to a dry density (ρd)
range from 0·3 to 1·8 Mg/m3 and saturated under a water
pressure of 2·7 MPa. It was found that ρwp monotonically
increased from �1·0 Mg/m3 at ρd of 0·3 Mg/m3 to
�1·23 Mg/m3 at ρd of 1·8 Mg/m3. By reviewing past
studies, an upper boundary of ρwp for montmorillonite was
drawn, although the methodology of measuring ρwp and its
magnitude at different water contents (w) needs to be further
studied. The proportions of water at different swelling states
are estimated based on two simplified assumptions.
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NOTATION
Cm montmorillonite content
d001 basal spacing of montmorillonite
Gs specific gravity
Ms mass of soil particle
Mw mass of pore water
S specific surface area
Sr degree of saturation
Vs volume of soil particle
Vsp volume of a specimen
Vw volume of pore water
w gravimetric water content

wm water–montmorillonite ratio
wp water content at a particular w
ρd dry density
ρs soil particle density
ρw free water density
ρwp pore water density

REFERENCES
Anderson, D. M. & Low, P. F. (1958). The density of water adsorbed

by lithium-, sodium-, and potassium-bentonite. Soil Sci. Soc.
Am. J. 22, No. 2, 99–103, https://doi.org/10.2136/sssaj1958.
03615995002200020002x.

Bahramian, Y., Bahramian, A. & Javadi, A. (2017). Confined fluids
in clay interlayers: a simple method for density and abnormal
pore pressure interpretation. Colloids Surf., A 521, No. 1,
260–271, https://doi.org/10.1016/j.colsurfa.2016.08.021.

Cases, J. M., Berend, I., Besson, G., Francois, M., Uriot, J. P.,
Thomas, F. & Poirier, J. E. (1992). Mechanism of adsorption and
desorption of water vapor by homoionic montmorillonite. 1. The
sodium-exchanged form. Langmuir 8, No. 11, 2730–2739,
https://doi.org/10.1021/la00047a025.

De Wit, C. T. & Arens, P. L. (1950). Moisture content and density of
some clay minerals and some remarks on the hydration pattern
of clay. In Fourth international congress of soil science trans-
actions, vol. 2, pp. 59–62. Groningen, the Netherlands:
Hoitesema Brothers.

Fernández, A. M., Baeyens, B., Bradbury, M. & Rivas, P. (2004).
Analysis of the porewater chemical composition of a Spanish
compacted bentonite used in an engineered barrier. Phys. Chem.
Earth, Pts A/B/C 29, No. 1, 105–118, https://doi.org/10.1016/
j.pce.2003.12.001.

Holmboe, M., Wold, S. & Jonsson, M. (2012). Porosity investigation
of compacted bentonite using XRD profile modeling.
J. Contam. Hydrol. 128, Nos. 1–4, 19–32, https://doi.org/
10.1016/j.jconhyd.2011.10.005.

Jacinto, A. C., Villar, M. V. & Ledesma, A. (2012). Influence of
water density on the water-retention curve of expansive clays.
Géotechnique 62, No. 8, 657–667, https://doi.org/10.1680/geot.7.
00127.

Low, P. F. & Anderson, D. M. (1958). The partial
specific volume of water in bentonite suspensions. Soil Sci.
Soc. Am. J. 22, No. 1, 22–24, https://doi.org/10.2136/sssaj1958.
03615995002200010007x.

Lu, N., Luo, S. & Zhou, B. (2022). Water adsorption-induced pore
water pressure in soil. J. Geotech. Geoenviron. Engng 148,
No. 6, 04022042, https://doi.org/10.1061/(ASCE)GT.1943-5606.
0002814.

Mackenzie, R. C. (1958). Density of water sorbed on montmor-
illonite. Nature 181, No. 4605, 334–334, https://doi.org/
10.1038/181334a0.

Martin, R. T. (1960). Adsorbed water on clay: a review. Clays Clay
Miner. 9, No. 1, 28–70, https://doi.org/10.1346/CCMN.1960.
0090104.

Meleshyn, A. & Bunnenberg, C. (2005). The gap between crystalline
and osmotic swelling of Na-montmorillonite: a Monte Carlo
study. J. Chem. Phys. 122, No. 3, 034705, https://doi.org/
10.1063/1.1834499.

Mooney, R.W., Keenan, A. G. &Wood, L. A. (1952). Adsorption of
water vapor by montmorillonite. II. Effect of exchangeable ions
and lattice swelling as measured by X-ray diffraction. J. Am.
Chem. Soc. 74, No. 6, 1371–1374, https://doi.org/
10.1021/ja01126a002.

Moore, D. M. & Hower, J. (1986). Ordered interstratification
of dehydrated and hydrated Na-smectite. Clays Clay Miner.
34, No. 4, 379–384, https://doi.org/10.1346/CCMN.1986.
0340404.

Namikawa, T., Kanno, T., Ishikawa, H. & Ishiguro, K. (1997).
Consolidation property of buffer material. Technical report of
power reactor and nuclear fuel development corporation, PNC
TN8410 97-051. Ibaraki, Japan: Power Reactor and Nuclear
Fuel Development Corporation. See https://jopss.jaea.go.jp/
pdfdata/PNC-TN8410-97-051.pdf (in Japanese).

Navarro, V., Cabrera, V., Merlo, O., De la Morena, G. &
Torres-Serra, J. (2022). Density of water adsorbed on bentonites:
determination and effect on microstructural void ratio model-
ling. Appl. Clay Sci. 219, 106343, https://doi.org/10.1016/
j.clay.2022.106434.

Norrish, K. (1954a). The swelling of montmorillonite. Discuss.
Faraday Soc. 18, No. 1, 120–134, https://doi.org/10.1039/
df9541800120.

Norrish, K. (1954b). Crystalline swelling of montmorillonite:
manner of swelling of montmorillonite. Nature 173, No. 4397,
256–257, https://doi.org/10.1038/173256a0.

Pusch, R., Karnland, O. & Hökmark, H. (1990). GMM-A general
microstructural model for qualitative and quantitative studies of
smectite clays, KBS Technical Report 90-43. Stockholm,
Sweden: Swedish Nuclear Fuel and Waste Management Co.

Richards, S. & Bouazza, A. (2007). Determination of particle
density using water and gas pycnometry.Géotechnique 57, No. 4,
403–406, https://doi.org/10.1680/geot.2007.57.4.403.

Shirakawabe, T., Wang, H., Goto, S., Yamamoto, S. & Komine, H.
(2021). Study of thermal history effect on water movement in
unsaturated bentonite. J. Jap. Soc. Civ. Engs, Ser. C (Geosphere
Engng) 77, No. 2, 103–117, https://doi.org/10.2208/jscejge.77.2_
103 (in Japanese).

Tamari, S. (2004). Optimum design of the constant-volume gas
pycnometer for determining the volume of solid particles.
Measmt Sci. Technol. 15, No. 3, 549–558, https://doi.org/
10.1088/0957-0233/15/3/007.

Villar, M. V. (2002). Thermo-hydro-mechanical characterisation of a
bentonite from Cabo de Gata. A study applied to the use of

WANG8

Downloaded by [ Waseda University] on [13/02/23]. Published with permission by the ICE under the CC-BY license 

https://doi.org/10.2136/sssaj1958.03615995002200020002x
https://doi.org/10.2136/sssaj1958.03615995002200020002x
https://doi.org/10.2136/sssaj1958.03615995002200020002x
https://doi.org/10.2136/sssaj1958.03615995002200020002x
https://doi.org/10.2136/sssaj1958.03615995002200020002x
https://doi.org/10.2136/sssaj1958.03615995002200020002x
https://doi.org/10.2136/sssaj1958.03615995002200020002x
https://doi.org/10.1016/j.colsurfa.2016.08.021
https://doi.org/10.1016/j.colsurfa.2016.08.021
https://doi.org/10.1016/j.colsurfa.2016.08.021
https://doi.org/10.1016/j.colsurfa.2016.08.021
https://doi.org/10.1016/j.colsurfa.2016.08.021
https://doi.org/10.1016/j.colsurfa.2016.08.021
https://doi.org/10.1021/la00047a025
https://doi.org/10.1021/la00047a025
https://doi.org/10.1021/la00047a025
https://doi.org/10.1021/la00047a025
https://doi.org/10.1021/la00047a025
https://doi.org/10.1016/j.pce.2003.12.001
https://doi.org/10.1016/j.pce.2003.12.001
https://doi.org/10.1016/j.pce.2003.12.001
https://doi.org/10.1016/j.pce.2003.12.001
https://doi.org/10.1016/j.pce.2003.12.001
https://doi.org/10.1016/j.pce.2003.12.001
https://doi.org/10.1016/j.jconhyd.2011.10.005
https://doi.org/10.1016/j.jconhyd.2011.10.005
https://doi.org/10.1016/j.jconhyd.2011.10.005
https://doi.org/10.1016/j.jconhyd.2011.10.005
https://doi.org/10.1016/j.jconhyd.2011.10.005
https://doi.org/10.1016/j.jconhyd.2011.10.005
https://doi.org/10.1680/geot.7.00127
https://doi.org/10.1680/geot.7.00127
https://doi.org/10.1680/geot.7.00127
https://doi.org/10.1680/geot.7.00127
https://doi.org/10.1680/geot.7.00127
https://doi.org/10.1680/geot.7.00127
https://doi.org/10.1680/geot.7.00127
https://doi.org/10.2136/sssaj1958.03615995002200010007x
https://doi.org/10.2136/sssaj1958.03615995002200010007x
https://doi.org/10.2136/sssaj1958.03615995002200010007x
https://doi.org/10.2136/sssaj1958.03615995002200010007x
https://doi.org/10.2136/sssaj1958.03615995002200010007x
https://doi.org/10.2136/sssaj1958.03615995002200010007x
https://doi.org/10.2136/sssaj1958.03615995002200010007x
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002814
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002814
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002814
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002814
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002814
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002814
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002814
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002814
https://doi.org/10.1038/181334a0
https://doi.org/10.1038/181334a0
https://doi.org/10.1038/181334a0
https://doi.org/10.1038/181334a0
https://doi.org/10.1038/181334a0
https://doi.org/10.1038/181334a0
https://doi.org/10.1346/CCMN.1960.0090104
https://doi.org/10.1346/CCMN.1960.0090104
https://doi.org/10.1346/CCMN.1960.0090104
https://doi.org/10.1346/CCMN.1960.0090104
https://doi.org/10.1346/CCMN.1960.0090104
https://doi.org/10.1346/CCMN.1960.0090104
https://doi.org/10.1346/CCMN.1960.0090104
https://doi.org/10.1063/1.1834499
https://doi.org/10.1063/1.1834499
https://doi.org/10.1063/1.1834499
https://doi.org/10.1063/1.1834499
https://doi.org/10.1063/1.1834499
https://doi.org/10.1063/1.1834499
https://doi.org/10.1021/ja01126a002
https://doi.org/10.1021/ja01126a002
https://doi.org/10.1021/ja01126a002
https://doi.org/10.1021/ja01126a002
https://doi.org/10.1021/ja01126a002
https://doi.org/10.1021/ja01126a002
https://doi.org/10.1346/CCMN.1986.0340404
https://doi.org/10.1346/CCMN.1986.0340404
https://doi.org/10.1346/CCMN.1986.0340404
https://doi.org/10.1346/CCMN.1986.0340404
https://doi.org/10.1346/CCMN.1986.0340404
https://doi.org/10.1346/CCMN.1986.0340404
https://doi.org/10.1346/CCMN.1986.0340404
https://jopss.jaea.go.jp/pdfdata/PNC-TN8410-97-051.pdf
https://jopss.jaea.go.jp/pdfdata/PNC-TN8410-97-051.pdf
https://jopss.jaea.go.jp/pdfdata/PNC-TN8410-97-051.pdf
https://jopss.jaea.go.jp/pdfdata/PNC-TN8410-97-051.pdf
https://jopss.jaea.go.jp/pdfdata/PNC-TN8410-97-051.pdf
https://jopss.jaea.go.jp/pdfdata/PNC-TN8410-97-051.pdf
https://jopss.jaea.go.jp/pdfdata/PNC-TN8410-97-051.pdf
https://jopss.jaea.go.jp/pdfdata/PNC-TN8410-97-051.pdf
https://doi.org/10.1016/j.clay.2022.106434
https://doi.org/10.1016/j.clay.2022.106434
https://doi.org/10.1016/j.clay.2022.106434
https://doi.org/10.1016/j.clay.2022.106434
https://doi.org/10.1016/j.clay.2022.106434
https://doi.org/10.1016/j.clay.2022.106434
https://doi.org/10.1039/df9541800120
https://doi.org/10.1039/df9541800120
https://doi.org/10.1039/df9541800120
https://doi.org/10.1039/df9541800120
https://doi.org/10.1039/df9541800120
https://doi.org/10.1038/173256a0
https://doi.org/10.1038/173256a0
https://doi.org/10.1038/173256a0
https://doi.org/10.1038/173256a0
https://doi.org/10.1038/173256a0
https://doi.org/10.1038/173256a0
https://doi.org/10.1680/geot.2007.57.4.403
https://doi.org/10.1680/geot.2007.57.4.403
https://doi.org/10.1680/geot.2007.57.4.403
https://doi.org/10.1680/geot.2007.57.4.403
https://doi.org/10.1680/geot.2007.57.4.403
https://doi.org/10.1680/geot.2007.57.4.403
https://doi.org/10.2208/jscejge.77.2_103
https://doi.org/10.2208/jscejge.77.2_103
https://doi.org/10.2208/jscejge.77.2_103
https://doi.org/10.2208/jscejge.77.2_103
https://doi.org/10.2208/jscejge.77.2_103
https://doi.org/10.2208/jscejge.77.2_103
https://doi.org/10.2208/jscejge.77.2_103
https://doi.org/10.1088/0957-0233/15/3/007
https://doi.org/10.1088/0957-0233/15/3/007
https://doi.org/10.1088/0957-0233/15/3/007
https://doi.org/10.1088/0957-0233/15/3/007
https://doi.org/10.1088/0957-0233/15/3/007
https://doi.org/10.1088/0957-0233/15/3/007
https://doi.org/10.1088/0957-0233/15/3/007
https://doi.org/10.1088/0957-0233/15/3/007
https://doi.org/10.1088/0957-0233/15/3/007
https://doi.org/10.1088/0957-0233/15/3/007


bentonite as sealing material in high level radioactive waste
repositories. PhD thesis, Universidad Complutense de Madrid,
Madrid, Spain.

Wang, H., Shirakawabe, T., Komine, H., Ito, D., Gotoh, T.,
Ichikawa, Y. & Chen, Q. (2020). Movement of water in
compacted bentonite and its relation with swelling pressure.
Can. Geotech. J. 57, No. 6, 921–932, https://doi.org/
10.1139/cgj-2019-0219.

Wang, H., Ito, D., Shirakawabe, T., Ruan, K. &Komine, H. (2022a).
On swelling behaviors of a bentonite under different water
contents. Géotechnique, https://doi.org/10.1680/jgeot.21.00312.

Wang, H., Komine, H. & Gotoh, T. (2022b). A swelling pressure cell
for X-ray diffraction test. Géotechnique 72, No. 8, 675–686,
https://doi.org/10.1680/jgeot.20.00005.

Wang, H., Ruan, K., Harasaki, S. & Komine, H. (2022c). Effects of
specimen thickness on apparent swelling pressure evolution of

compacted bentonite. Soils Found. 62, No. 1, 101099,
https://doi.org/10.1016/j.sandf.2021.101099.

Watanabe, T. & Sato, T. (1988). Expansion characteristics of
montmorillonite and saponite under various relative humidity
conditions. Clay Sci. 7, No. 3, 129–138, https://doi.org/
10.11362/jcssjclayscience1960.7.129.

Zhang, Z. Z. & Low, P. F. (1989). Relation between the heat of
immersion and the initial water content of Li-, Na-, and
K-montmorillonite. J. Colloid Interface Sci. 133, No. 2,
461–472, https://doi.org/10.1016/S0021-9797(89)80057-8.

Zhang, C. & Lu, N. (2018a). What is the range of soil water density?
Critical reviews with a unified model. Rev. Geophys. 56, No. 3,
532–562, https://doi.org/10.1029/2018RG000597.

Zhang, C. & Lu, N. (2018b). Measuring soil-water density by helium
pycnometer. J. Geotech. Geoenviron. Engng 144, No. 9, 02818002,
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001929.

PORE WATER DENSITY IN A SATURATED BENTONITE 9

Downloaded by [ Waseda University] on [13/02/23]. Published with permission by the ICE under the CC-BY license 

https://doi.org/10.1139/cgj-2019-0219
https://doi.org/10.1139/cgj-2019-0219
https://doi.org/10.1139/cgj-2019-0219
https://doi.org/10.1139/cgj-2019-0219
https://doi.org/10.1139/cgj-2019-0219
https://doi.org/10.1139/cgj-2019-0219
https://doi.org/10.1139/cgj-2019-0219
https://doi.org/10.1139/cgj-2019-0219
https://doi.org/10.1680/jgeot.21.00312
https://doi.org/10.1680/jgeot.21.00312
https://doi.org/10.1680/jgeot.21.00312
https://doi.org/10.1680/jgeot.21.00312
https://doi.org/10.1680/jgeot.21.00312
https://doi.org/10.1680/jgeot.21.00312
https://doi.org/10.1680/jgeot.20.00005
https://doi.org/10.1680/jgeot.20.00005
https://doi.org/10.1680/jgeot.20.00005
https://doi.org/10.1680/jgeot.20.00005
https://doi.org/10.1680/jgeot.20.00005
https://doi.org/10.1680/jgeot.20.00005
https://doi.org/10.1016/j.sandf.2021.101099
https://doi.org/10.1016/j.sandf.2021.101099
https://doi.org/10.1016/j.sandf.2021.101099
https://doi.org/10.1016/j.sandf.2021.101099
https://doi.org/10.1016/j.sandf.2021.101099
https://doi.org/10.1016/j.sandf.2021.101099
https://doi.org/10.11362/jcssjclayscience1960.7.129
https://doi.org/10.11362/jcssjclayscience1960.7.129
https://doi.org/10.11362/jcssjclayscience1960.7.129
https://doi.org/10.11362/jcssjclayscience1960.7.129
https://doi.org/10.11362/jcssjclayscience1960.7.129
https://doi.org/10.11362/jcssjclayscience1960.7.129
https://doi.org/10.1016/S0021-9797(89)80057-8
https://doi.org/10.1016/S0021-9797(89)80057-8
https://doi.org/10.1016/S0021-9797(89)80057-8
https://doi.org/10.1016/S0021-9797(89)80057-8
https://doi.org/10.1016/S0021-9797(89)80057-8
https://doi.org/10.1016/S0021-9797(89)80057-8
https://doi.org/10.1016/S0021-9797(89)80057-8
https://doi.org/10.1016/S0021-9797(89)80057-8
https://doi.org/10.1029/2018RG000597
https://doi.org/10.1029/2018RG000597
https://doi.org/10.1029/2018RG000597
https://doi.org/10.1029/2018RG000597
https://doi.org/10.1029/2018RG000597
https://doi.org/10.1029/2018RG000597
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001929
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001929
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001929
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001929
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001929
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001929
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001929

	INTRODUCTION
	Equation 1
	MATERIAL, APPARATUS AND METHOD
	Figure 1
	Table 1
	Figure 2

	Equation 2
	Equation 3
	Equation 4
	RESULTS
	DISCUSSION
	Upper boundary of <1wp
	Table 2

	Equation 5
	Equation 6
	Figure 3
	Figure 4
	Water density at different swelling states
	Table 3
	Figure 5

	Equation 7
	Table 4
	Figure 6

	CONCLUSION
	ACKNOWLEDGEMENTS
	NOTATION
	REFERENCES
	Anderson and Low 1958
	Bahramian et al. 2017
	Cases et al. 1992
	De Wit and Arens 1950
	Fernández et al. 2004
	Holmboe et al. 2012
	Jacinto et al. 2012
	Low and Anderson 1958
	Lu et al. 2022
	Mackenzie 1958
	Martin 1960
	Meleshyn and Bunnenberg 2005
	Mooney et al. 1952
	Moore and Hower 1986
	Namikawa et al. 1997
	Navarro et al. 2022
	Norrish 1954a
	Norrish 1954b
	Pusch et al. 1990
	Richards and Bouazza 2007
	Shirakawabe et al. 2021
	Tamari 2004
	Villar 2002
	Wang et al. 2020
	Wang et al. 2022a
	Wang et al. 2022b
	Wang et al. 2022c
	Watanabe and Sato 1988
	Zhang and Low 1989
	Zhang and Lu 2018a
	Zhang and Lu 2018b


