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Although the hydraulic fracturing treatment can improve the conductivity of shale reservoirs, the low recovery rate of the fracturing
fluid may cause potential environmental and production issues. For an accurate investigation of these issues, an appropriate model
of the water imbibition in shales is required. However, the hydraulic parameters related to water imbibition in shales are hard to be
measured due to their tiny pores. In this study, an effective method is proposed to estimate the water imbibition volume. The
nuclear magnetic resonance method is applied to obtain the related parameters including the capillary curve, the intrinsic and
relative permeability of the shale, which can significantly cut down the time and cost needed to get these data. This model is
validated by water imbibition experiments. In addition, we compare two empirical equations used to calculate intrinsic
permeability in the NMR method and calibrate the corresponding parameter a for shale, which is poorly investigated in
literature. Finally, we suggest that the capillary force dominates the early stage of water imbibition process in unsaturated shales,
and the late period may be influenced more by other mechanisms such as the osmosis and the surface hydration.

1. Introduction

Nowadays, due to the low permeability of the shale gas and
oil reservoirs, horizontal wells stimulated by hydraulic frac-
turing are widely used to enhance the conductivity of the
formation in the near-wellbore region. During the hydrau-
lic fracturing process, a large amount of fracturing fluid will
be injected into the formation, typically 1-1.4× 105 bbls
(5:75‐7:75 × 105 ft3) [1, 2]. However, the recovery rate of
this large volume of hydraulic fluid is very low (typically
30 ± 10%), whichmeans that most of the fluid is left in the for-
mation [1]. The residual fracturing fluid may cause both envi-
ronmental and production issues. Whether this large volume
of fluid will contaminate the underground drinking water
[3], will the imbibed water lead to the instability of wells and
fractures [4], will the fluid increase the gas and oil production
at the early production period [5, 6], or will it damage the gas
productivity in a long term [7, 8]; all of these potential prob-
lems have become hot topics in recent years.

To figure out these issues, an exact description is essential
for the water imbibition process involved in shales. Different
from other geomaterials, shales are water-sensitive so that the
water imbibition in them is unique and is governed by several
mechanisms. Generally, three driving forces are commonly
admitted, including the surface hydration, the osmosis, and
the capillary force [9–12]. The capillary force is an important
water imbibition force in all types of unsaturated rocks. And
another two drive mechanisms only work in clay-bearing for-
mations. The extremely narrow sheet-like structure of the
clay minerals leads to strong intermolecular forces, causing
adsorption of water molecules between the clay layers (i.e.,
micropores). This is called surface hydration. In addition,
the isomorphic substitution phenomenon in clay particles
(an assembly of clay layers with subparallel orientations)
makes their surfaces negatively charged. These negatively
charged surfaces give rise to a semipermeable membrane
(osmosis) effect, enabling water to be sucked into interparti-
cle spaces (i.e., mesopores) [13, 14].
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Among the three mentioned mechanisms, the capillary
force occupies a dominant position in the water imbibition
in shale gas reservoirs, because shale gas reservoirs typically
have an initial water saturation less than 45% [15]. In order
to describe the water imbibition process caused by the capil-
lary force, several models have been proposed. The most
accurate one should be the multiphase flow model, which
considers both the gas and liquid transport [16]. However,
although little assumption made makes the model more
accurate, it also leads to a complicated computation process.
So several simplified methods have been proposed based on
different assumptions. For example, a piston-like displace-
ment model is established, which assumes that the water
imbibition process is in a piston-like manner, i.e., pores of
different sizes saturated at the same time and only residual
gas is left behind the water displacing front [17]. Another
simplified method proposed by Richard neglects the effect
of the gas phase transport and assumes a diffusion-type front.
Its main difference from the piston-like model is that based
on its assumption, water prefers to enter the small pores first
and then the large ones [18].

No matter which method is employed to describe the
water imbibition process, some information such as the cap-
illary curve, the relative permeability and the intrinsic perme-
ability of shales is needed. However, due to the low
permeability of shales, these parameters are usually hard to
be measured. For example, Wan et al. [19] conducted a series
of saturating experiments under different humidity to obtain
the capillary curve of a Cox shale. This method is accurate,
but it takes about five months to get just one point on the
curve. Besides, due to the extremely low permeability and
the potential water sensitivity, the intrinsic permeability can-
not be measured by water displacement like in other types of
rocks [20]. Thus, gas is commonly used to measure the per-
meability of shales. However, it has been demonstrated that
the permeability measured by gas is different from the true
permeability in water displacement [21].

The permeability and the capillary curve are all related to
the pore size distribution which can be determined by the
nuclear magnetic resonance (NMR) method. The NMR
method reflects the pore structure by detecting hydrogen
atoms contained in water and hydrocarbon in tiny pores
[22]. Various methods have been proposed to calculate the
permeability by NMR measurement. These methods are
attractive because permeability measurement by NMR can
be done not only in cores but also directly in formations. It
is more applicable, effective, and nondestructive compared
with some conventional methods such as mercury intrusion
porosimetry (MICP) and core displacement experiments,
especially in some low-permeable rocks [23–29]. In addition,
the capillary curve can also be obtained by the pore size dis-
tribution curve measured by NMR, whose quantified
description can be obtained by an empirical formula pro-
posed by Van Genutchen.What is more, the relation between
the relative permeability and the saturation can also be
obtained by Van Genutchen’s model [30].

In this study, the water imbibition in shales is investi-
gated theoretically and experimentally. Five parts are
included in this paper. After the introduction, a complete

model is proposed to describe the water imbibition process.
The related parameters including the intrinsic permeability
and the capillary curve are determined from the pore size dis-
tribution measured by NMR. Then, water imbibition experi-
ments in shales are performed and monitored by the NMR
method. Instead of conducting a series of time-consuming
experiments and complicated permeability measurements,
the NMR method can determine the intrinsic permeability
and the capillary curve simply and efficiently. In the fourth
part, the experimental results are employed to calibrate and
validate the proposed model, and further discussions are pro-
vided. The final part is the conclusion.

2. Theoretical Model

2.1. Richard Equation. In Introduction, it has already been
mentioned that three admitted mechanisms are responsible
for the water uptake in shales. However, because of the low
initial water saturation (less than 45% in reservoirs), the
water imbibition process is dominated by the capillary pres-
sure [9]. Hence, the osmotic effect and the surface hydration
are neglected in this study.

The water imbibition in shales involves the transport of
both the gas and liquid phases. The continuity equation for
two-phase flow can be written as follows [16]:

∂ ϕSwð Þ
∂t

= −divqw, ð1Þ

where Sw is the wetting phase saturation (-); ϕ is the porosity
(-); t is the time (s); qw is the volumetric flux of the wetting
phase (m3/s). The Darcy’s law applied for wetting and non-
wetting phase can be written as follows:

qw = −
kkrw
μw

∇Pw, ð2Þ

qnw = −
kkrnw
μnw

∇Pnw, ð3Þ

where qnw is the volumetric flux of the nonwetting phase
(m3/s); k is the intrinsic permeability of the shale sample
(m2); krnw and krw are the relative permeability of the nonwet-
ting and wetting phase (-); μnw and μw are the viscosity of the
nonwetting and wetting phase (Pa·s); Pnw and Pw are the pres-
sure of the nonwetting and wetting phase (Pa). Note that the
wetting phase in this study is water. The relation among the
capillary force and the pressure of the two phases is given by

Pc = Pnw − Pw, ð4Þ

where Pc is the capillary force (Pa). It has been demonstrated
that the water-gas flow in low-permeable material is domi-
nated by the water transport [16]. Hence, the transport of
the gas phase is negligible, that is, Pc = −Pw. Applying this
assumption in Equations (1), (2), and (3), Richard’s model
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can be obtained, which can significantly simplify the computa-
tion. 1-D Richard’s model is written as follows:

∂ ϕSwð Þ
∂t

= ∂
∂x

−
kkrw
μw

∂Pc

∂x

� �
, ð5Þ

where x is the position (m). A 1-D model is employed in this
study because the scale of water imbibition (mm-cm) is small
[31] compared with the fracture length (m) [2, 32].

According to Equation (5), several parameters are needed
to describe the water imbibition volume in unsaturated
shales by Richard’s model: the porosity of the shale, the initial
water saturation, the intrinsic permeability, and the relative
water permeability. In this study, the NMR method is used
to obtain these data.

2.2. Intrinsic Permeability. The NMR measurement can
detect the hydrogen atom. By monitoring the decay of the
signal, a T2 distribution can be obtained. T2 is the transverse
relaxation time, which is a set of attenuation coefficients cor-
relating with the pore size. The larger the pore, the higher the
T2 value and vice versa. Thus, a pore size distribution curve
can be calculated based on the T2 distribution curve. The
x-axis of the curve is T2 value, which represents the pore size;
the y-axis indicts the Amp value which reflects the volume
fraction occupied by the corresponding size of pores. The
T2 distribution can be converted into the pore size distribu-
tion according to the following equation [33]:

1
T2

= ρ
S
V

� �
pore

, ð6Þ

where ρ is the surface relaxivity (m/s); S is the surface area of
the pore (m2); V is the pore volume (m3). The specific area
(S/V) equals to 3/r if the pore is assumed to be spherical
and equals to 2/r if a cylindrical model is applied, where r
is the radius of the pore (m).

Based on the dependence of the permeability on the
porosity and the pore size distribution, Seevers proposed an
empirical equation which can calculate the intrinsic water
permeability based on the NMR measurement [24, 26–29].

k = aT2
2,LMϕ, ð7Þ

where a is a parameter (mD/(ms)2) depending on the surface
relaxivity of the porous media; T2,LM is the logarithmic mean
of T2 (ms), which can be calculated by

T2,LM = 10
〠
N

i=1
Vi log T2i/1msð Þ

 !
/ 〠

N

i=1
Vi

 !" #

, ð8Þ

where Vi is the volume fraction of pore i (-).
The assessment of intrinsic permeability is very meaning-

ful for low-permeable materials such as shales whose intrin-
sic permeability are complicated to be measured.

2.3. Capillary Curve. During the water imbibition process in
unsaturated shale, the relative permeability changes with

water saturation because of the two-phase flow. The variation
of relative permeability with the water saturation is given by
Van Genutchen [30, 34, 35]:

krw =
ffiffiffiffi
Se

p
1 − 1 − S1/me

� �m� �2
, with Se =

Sw − Swr
Sws − Swr

, ð9Þ

where Se is the effective water saturation (-); m is a Van
Genutchten parameter; Swr is the residual water saturation
(-); Sws is the water saturation when the shale is saturated.
The relation between the water saturation and the capillary
force given by Van Genuchten is expressed by [30]:

Se =
1

1 + αPcð Þn
	 
m

, ð10Þ

where m = 1 − 1/n; α (Pa-1) is the second Van Genuchten
parameter. From the microscopic scale, the capillary force
can be obtained by the Young-Laplace equation:

Pc =
2σ cos θ

r
, ð11Þ

where σ is the surface tension (Pa·m); θ is the contact angle
(-). According to Equation (11), when capillary force
reaches a given value, the pores smaller than the corre-
sponding radius are all saturated. Thus, the saturation
under given capillary force can be calculated by summing
up the Amp values of the smaller pores, and then the cap-
illary curve can be obtained from the pore size distribution
curve measured by NMR. To make it clearer, an example is
shown in the first part of the appendix. Compared to the
conventional methods, our method is time-saving and can
give a reliable result.

By far, an effective method is proposed to calculate the
water imbibition in shales. The related parameters including
the capillary curve and the intrinsic permeability can be
obtained by the NMR method.

3. Experiment

3.1. Experiment Procedure. Two shale samples are drilled
from an outcrop in Sichuan Basin, China. These two samples
are numbered by A and B. The lengths of these two cylindri-
cal samples are 18.94mm and 19.81mm, and their diameters
are 24.96mm and 24.85mm, respectively. The side faces of
the samples are coated with epoxy resin, only the two ends
exposed to the air, which involves a 1-D water imbibition
process. The XRD data is shown in Table 1. It is worth noting
that the clay content is low, and only illite exists. In illite,
the negative charge caused by isomorphic substitution is
mainly compensated by K+. Due to the suitable size of K+,
it can be interlocked in the hexagonal cavity, which makes

Table 1: The XRD result of the shale sample.

Mineral Quartz Plagioclase Calcite Dolomite Pyrite Illite

Content 43% 1% 22% 27% 1% 6%
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the structure of illite stable [36, 37]. Hence, the interlayer
spaces contribute little to the water imbibition.

Before the experiment, the samples are dried at 105°C for
72 h until the weight of the samples holds constant. The
weights of the dry samples are recorded, and then NMRmea-
surement is done to obtain their T2 distributions. After that,
the samples are put in deionized water. The variation of T2
distribution and the weight change along with time are
recorded during the whole process. The weights of the sam-
ples are measured by the balance after taking them out from
water and wiping them. The accuracy of the balance is
0.001 g. The NMR measurement is done every time after
weighing the samples. The water imbibition experiment lasts
for 621 h until the weights of both samples remain constant.

3.2. Experiment Results

3.2.1. Water Imbibition Curve. The weight changes of the
samples measured by the balance are shown in Figure 1.
The water imbibition curves for both samples increase fast

at the early water imbibition period. Then, the water imbibi-
tion rates decrease and eventually equal to zero until the end
of the water imbibition.

3.2.2. NMR Measurement Result. The NMR method is
employed to investigate the parameters related to the water
imbibition process. Firstly, the T2 distribution at the end of
the experiment is converted into the pore size distribution
using Equation (6). The surface relaxivity used here is
1.5μm/s [38, 39]. The pores are assumed to be cylindrical,
i.e., the specific area equals to 2/r. The curves obtained are
shown in Figure 2. From the curves, it can be found that
the pore size ranges from 0.02 nm to 0.3μm. Both samples
exhibit a peak at 6 nm.

The intrinsic permeability is determined by twomethods.
Firstly, T2,LM is calculated based on the Amp value of all the
pores, finding that T2,LM = 1:22 for sample A and 1.04 for
sample B. However, micropores (<2nm) in shales broadly
correspond to be interlayer spaces, which are considered to
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Figure 1: The variation of water imbibition volume with time. (a) Sample A. (b) Sample B (the weight is converted to volume by
ρw = 1:0 g/cm3).
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Figure 2: Pore size distribution. (a) Sample A. (b) Sample B.

4 Geofluids



have little contributions to the water imbibition in this study
due to the poor clay content and the stable structure of illite
[14]. Accordingly, in the second method, T2,LM is calculated
based on Amp data of meso- and macropores, exclusive of
micropores. The result of this method shows that T2,LM
values of both samples equal to 2.29. It should be noted that
the T2,LM for sample A is 17.5% higher than that for sample B
in the first method, but the balance time of the two samples
is very close to each other as shown in Figure 1. Thus, the
second method is applied in the following. What is more,
it is worth noting that only one peak occurs in the pore size
distribution curve for both samples, which indicts that no
microfractures involved in the shale samples.

To obtain the capillary curve, the capillary force at any
given radius is firstly calculated according to the Young-
Laplace equation (Equation (11)). The surface tension used
here is 0.072 Pa·m, and θ is assumed to be 0 in this study
due to the relatively high quartz content [40, 41]. Then, the
corresponding water saturation can be calculated by the
method mentioned in Section 2.3. After the calculation of
accumulative Amp value mentioned in Section 2.3, it can be
converted into the water weight based on a calibration exper-
iment which shows that the Amp value for 10 g water is
10.6μV. Note that the pore volume is calculated by adding
up all the Amp values measured at the last time. Finally, by
fitting the experimental data with Equation (10), the Van
Genutchen parameters (m, α) can be calibrated from the cap-
illary curve (see Figure 3); the values are shown in Table 2.

It is worth noting that the smallest capillary force approx-
imates to zero; thus, we assume that there is no residual gas in
the sample, i.e., Sws = 1. All the parameters got from the NMR
measurement are shown in Table 2. The relation between rel-
ative permeability and the water saturation can be calculated
by Equation (9) (see Figure 4). From Figure 4, it can be found
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Figure 3: Fitting the capillary curve by Van Genutchen model ((a) is for sample A and (b) is for sample B).

Table 2: Parameters calculated by NMR measurement.

m n α ϕ k Swi Swr

A 0.52 2.08 4:2 × 10−8 Pa−1 0.0587 2:2 × 10−22 m2 0.24 0

B 0.47 1.89 4:2 × 10−8 Pa−1 0.0613 2:3 × 10−22 m2 (a = 1:99 × 10−5 mD/ msð Þ2) 0.27 0
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Figure 4: The variation of relative permeability with saturation.
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that the relative permeability is almost zero until the water
saturation reaches 0.4.

4. Simulation Results and Discussion

Equation (5) is implemented into the software COMSOL to
simulate the water imbibition process. A 1-D model is
established. Because both ends of the samples are exposed
to the water, the flow should be symmetrical. Thus, at the
middle point of the sample, a no-flow boundary is applied,
i.e., qwðl, tÞ = 0. Note that the l here equals to the half-length
of the sample (9.470mm for sample A and 9.905mm for
sample B). At the water inlet, the water saturation keeps to
be 1, and Pcð0, tÞ = 0. The initial water saturation is 0.24 for
sample A and 0.27 for sample B. It equals to the Amp value
of the dry sample divided by that of the saturated one, that
is, only the pores into which water can enter are considered
when calculating the saturation. At the end of the simulation,
the water imbibition volume is doubled and multiplied by the
cross-sectional area of the sample to obtain the total water
imbibition volume.

4.1. Validation of the ProposedModel. The exact value of a for
shales in Equation (7) is not available in the literature. Hence,
this value is calibrated first by fitting the water imbibition
curve of sample A, kA = 2:2 × 10−22 m2, and so a = 7:28 ×
10−7 mD/ðmsÞ2. Using the same a value, we obtain kB =
2:3 × 10−22 m2 and predict the imbibition curve, as shown
in Figure 1(b). It is illustrated that the prediction fits well with
the experimental data, which validates our proposed model.
Note that the simulation result does not fit well with the late
water imbibition period. This problem will be discussed later
in Section 4.4.

The total water imbibition volume of samples A and B is
0.41mL and 0.43mL, respectively. The plot shows that the
simulation results based on the NMR measurement fit well
with the data measured by the balance. This can validate
the NMR method used in this study.

The water imbibition in sample A equilibrates after
about 360 h and sample B at approximately 340 h, i.e., sam-
ple B imbibes water faster. Because low permeability should
lead to long balance time, this result is consistent with the
intrinsic permeability result. However, comparing the rela-
tive permeability of the two samples which is shown in
Figure 4, the relative permeability of sample A is generally
higher than sample B. Hence, it can be inferred that the
intrinsic permeability plays a more important role in terms
of the balance time.

4.2. Intrinsic Permeability. Equation (7) is used in this work
for the assessment of intrinsic permeability. It should be
noted that another empirical equation proposed by Kenyon
is more widely used, in which the intrinsic permeability is
proportional to ϕ4 rather than ϕ [25]:

k = a′T2
2,LMϕ

4: ð12Þ

However, if this equation is used instead of Equation (7)
to calculate the permeability of sample B, the permeability

equals to 2:63 × 10−22 m2, which is 18.9% more than that of
sample A. Compared with the permeability calculated by
Equation (7) which is only 4.4% more, it is too large since
the balance time of sample A is comparable with sample B.
Thus, ϕ is preferred to describe the intrinsic permeability of
shales in this study. However, according to the experiments
conducted by Kenyon, ϕ4 fits better for sandstones [25]. This
phenomenon suggests that the relation between the porosity
and the permeability varies in different scenarios.

4.3. The Coefficient a. In this section, several different
values of a are taken to figure out a’s effect on the water
imbibition process, shown in Figure 5. A large a decreases
the balance time significantly but hardly affects the water
imbibition volume.

A typical value for a in sandstone is 4mD/(ms)2 [42],
while a = 0:0036mD/ðmsÞ2 for shales. Note that both values
are based on Equation (12). From the comparison between
the a values in these two types of rocks, it can be inferred that,
even if equal porosity is given, the intrinsic permeability
may differ for different types of rocks. There are several
potential reasons for this phenomenon: (1) the pores in
shales are more tortuous, which may cause potential dam-
age on the permeability when equal porosity is given; (2)
clay minerals exist interpores in shales, which may damage
the connectivity of the pores and cut down the effective
pore volume; (3) the transport mechanism is also different
when the pore size is extremely small. The adsorption of
water molecules in the tiny pores occurs much slower than
the water seepage in macropores.

4.4. Water Imbibition Simulation. The simulation result fits
well at the beginning of the process, but it reaches equilib-
rium faster than the experiment. So, further investigation of
this problem is done based on an analytical solution of the
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Richard’s model. When applying Boltzmann transformation
on Equation (5), there is a linear relation between the water
imbibition volume and the square root of time whose deriva-
tion is shown in the second part of the appendix [43]:

Q tð Þ =
ðws

wd

xdw = t1/2
ðws

wd

λ wð Þdw = St1/2, ð13Þ

whereQðtÞ is the water imbibition volume of the sample (m);
w is the water content (-), the subscript d and s indicts dry
and saturated, respectively; S is the sorptivity (m/s0.5), which
is a constant. The x-axis of the imbibition curve is changed to
be the square root of t to observe the variation of the slope.
The plots are shown in Figure 6. It can be seen that the water
imbibition confirms to Richard’s model at the early period,
which means that the capillary force dominates at the early
stage. However, the final part separates from the linear rela-
tion. This variation of the slope might be related to the
change of the water imbibition mechanism. The most possi-
ble reason is that the osmotic effect and the surface hydration
also play a role in this process. The total water imbibition vol-
ume may include some water imbibition caused by these two
mechanisms. Their contribution is relatively poor compared
to that caused by the capillary force. Hence, they are nearly
negligible when the capillary force induced water imbibition
is strong at the beginning. However, after the macropores
are saturated, more water begins to be absorbed into the
micro- and mesopores by the osmotic effect or the surface
hydration, and their contributions are more obvious due
to the stop of water imbibition caused by capillary force.
This is also consistent to the phenomenon observed in the
experiment: although no significant deformation of the
samples is observed at the end of the experiment, tiny
broken pieces are found, which demonstrates that there
may be some deformation caused by osmosis and surface
hydration, but it is not significant. However, to figure out
whether this is the true reason still needs further
investigation.

5. Conclusion

This work investigates the water imbibition process in unsat-
urated shales theoretically and experimentally. The main
findings are as follows:

The capillary curve and the permeability of shales are
very hard or time-consuming to be measured by conven-
tional methods. Our method by using NMR measurement
can overcome these difficulties and gives a reliable prediction
of the experimental data.

To assess the intrinsic permeability by the NMR data, two
types of models are commonly used, in which the intrinsic
permeability is proportional to the porosity (ϕ) or its forth
order (ϕ4). However, our results reveal that although ϕ4

works well in many other cases (mainly in sandstones), it
performs poorly for shales. This means that the empirical
equation itself needs local calibration when applied in differ-
ent formations.

What is more, in our study, a value, the empirical param-
eter involved when estimating the intrinsic permeability in
the NMR method, is calculated for shales, which is poorly
investigated in literature. This parameter of shales is much
smaller than that of sandstones, which may be caused by
the limited connectivity and tortuosity as well as the small
pore size of shales.

Finally, we find that the experimental data fit well with
Richard’s model at the early water imbibition stage but sepa-
rate in the late period, which may indict the existence of the
osmotic effect and the surface hydration. However, it still
needs further investigation.

Appendix

A. Example on the Calculation of the
Capillary Curve

An example is presented in this section for readers to under-
stand the calculation of capillary curve more clearly.
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Figure 6: The variation of water imbibition volume with square root of time ((a) is for sample A and (b) is for sample B).
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The data obtained directly from the NMR measurement
are the T2 values and their corresponding Amp values, which
can be converted to the pore diameter (according to Equation
(6)) and the water content in given pore size (according to
the calibration test mentioned in Section 3.2.2), respectively.

To obtain the capillary curve, the capillary force and cor-
responding water saturation are needed. The capillary force
is calculated by Equation (11) based on the pore diameters.
And the water saturation under different capillary force is
calculated based on the data of the water content in pores
with different sizes. In this study, since a diffusion front is
assumed by applying the Richard’s equation, the water satu-
ration under given capillary force equals to the sum of water
content in smaller pores divided by the water content in
shales when the pores are saturated.

For example, n groups of data are obtained by NMR
measurement, which are sequenced according to the pore
size from small to large. At group i, T2 value = T2 ðiÞ, Amp
value = AmpðiÞ, we can get

ri = 2 ⋅ T2 ið Þ ⋅ ρ,

Pc ið Þ =
2σ cos θ

ri
,

Sw ið Þ =
∑i

j=1Amp ið Þ
� �

∑n
j=1Amp ið Þ

� � ,
ðA:1Þ

where PcðiÞ and SwðiÞ are the capillary force and the water
saturation corresponding to the ith group of data.

B. Derivation of the Relation between Q and t1/2

This section gives a brief derivation of Equation (13).
Equation (5) can be rearranged by replacing the Sw by

water content w(-):

∂w
∂t

= ∂
∂x

D
∂w
∂x

� �
, ðB:1Þ

where D is a diffusion coefficient (m2/s). To solve this partial
differential equation, Boltzmann variable λ = xt−1/2 is intro-
duced to transform it into an ordinary differential equation:

−
λ

2
dw
dλ

= d
dλ

D
dw
dλ

� �
: ðB:2Þ

Further steps solving Equation (B.2) can be found in
Mcwhorter’s work [31] and will not be derived here. The
solution of this equation gives a relation between w and λ,
i.e., w is a function of λ and vice versa. Rearrange the expres-
sion of Boltzmann variable:

x w, tð Þ = λ wð Þt1/2: ðB:3Þ

Hence, the water imbibition volume (m) at t can be calcu-
lated by Equation (13), which is proportional to the square
root of t.
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