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Abstract: Understanding the capillary imbibition laws of brackish water in rocks is necessary to
reveal the mechanism of fluid, salt, and ion transport. In this study, we investigated the capillary
imbibition laws of a Na2SO4 solution of different concentrations in sandstone by measuring the
parameters of water absorption mass, water migration front height, nuclear magnetic resonance
(NMR) T2 spectra, and stratified moisture distribution. The results indicate the following: (1) With an
increase in the salt solution concentration, the water absorption rate of samples increases, specifically
manifested in an increase in the rate of absorption mass and a rising rate of the absorption front.
(2) With an increase in the salt solution concentration, the total NMR signals in samples measured
at the end of water absorption decreases; that is, the total amount of water absorption decreases.
(3) When the solution concentration exceeds 0.50 g/L, variations in the NMR signal of samples and
the absorbed water mass over time are not synchronic and are even opposite at some stages. Based
on the capillary dynamic theories of liquid, the influence of salts on solution properties and the
modification of the pore structure by crystallization are considered when discussing the underlying
mechanism of capillary imbibition in sandstone. By calculating the physical properties such as the
density, viscosity, surface tension, and contact angle of solutions with different concentrations, the
imbibition process does not exhibit any significant variation with the difference in the properties of
the liquid. The equivalent capillary radii of the samples at varying salt concentrations are obtained by
fitting the capillary dynamics curves with the theoretically calculated values. The equivalent capillary
radii of samples in higher salt concentrations are larger, i.e., the difference in capillary imbibition
laws introduced by the salt concentration should be attributed to modifications to the pore structure
caused by salt crystallization.

Keywords: salt solution; capillary imbibition; water absorption rate; nuclear magnetic resonance
(NMR); salt crystallization

1. Introduction

Capillary imbibition is a common phenomenon observed in natural materials (such as
rock, soil, and wood) and engineering materials (including concrete, mortar, and fiber). It
plays a crucial role in various geomorphic processes, such as the weathering of rocks [1–3]
and the formation of soil vadose zones [4,5], and it contributes significantly to ecological
and environmental issues like heavy metal ion migration [6,7] and salt accumulation [8–10].
Sedimentary rocks are widely distributed on the Earth’s surface, with sandstone being one
of the most prevalent types. Sandstone not only forms various rock landforms but also
serves as a commonly used building material. The degradation of sandstone properties is
primarily attributed to various physical and chemical weathering processes; the underlying
premise is that water and brackish water infiltrate the rock through capillary imbibition.
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Investigating the laws governing capillary imbibition in sandstone, particularly involving
brackish water, is essential for understanding the mechanisms underlying water transport,
salinity diffusion, and ion migration.

The imbibition law of an ideal fluid in cylindrical capillaries has been extensively
investigated. The concept of capillary dynamics dates back to a century ago. Based
on the Young–Laplace equation and Poiseuille flow profile, the Lucas–Washburn (L-W)
equation [11,12] has been widely employed for studying the imbibition process of a single
tube capillary with a constant cross-section. However, in the capillary imbibition process in
porous media, the capillary shape is not limited to a uniform cross-section, and the capillary
network becomes relatively complex. A multitude of studies have amended the limitations
of the L-W equation through adjustments in curvature [13], the resistance of viscous
layers [14], the slippage of solid particles [15], and various non-circular capillaries [16]. The
above studies annotated the problems related to capillary statics and dynamic processes at
multiple levels. The proposal put forward by Lundblad and Bergman [17] suggests that
the intricate impacts of capillary geometric features can be counterbalanced through the
adoption of an effective radius. From a mechanical perspective, the L-W equation neglects
gravity and inertia when analyzing the rising height of samples during water imbibition
processes. By analyzing forces involved in liquid rising within capillary tubes, internal flow
within capillary tubes is divided into three stages: the inertial rise stage, the viscous–inertial
stage, and the viscous stage. Based on this premise, several scholars have created formulas
for calculating the height of capillary rise at various stages [18].

The classical theory of capillary dynamics provides a comprehensive explanation
and predicts the capillary imbibition exhibited by ideal fluids in regular capillary tubes.
However, the capillary imbibition laws in natural or artificial porous materials, such as rock
and concrete, are more complex due to their heterogeneous pore structure, complicated
components and variable environment [19]. The liquid involved in capillary imbibition is
certainly not ideal fluid; some of its properties, for instance, density, viscosity, wettability
and ionic concentration, have a strong influence on the imbibition process. This study
aims to investigate the imbibition laws of brackish water in porous rocks by addressing the
influence of solution concentration.

In capillary imbibition, the solute is also transported upwards through a solution,
and salt transport through a capillary is widely observed in nature. During the capillary
imbibition of brackish water, crystallization generates a rock surface through evapora-
tion [20]. Importantly, salt crystallization was initially discovered by Lavalle [21] and later
investigated by Becker and Day [22]. An equation for calculating crystallization pressure
was initially proposed by Correns and Steinborn [23] and later investigated by Everett [24].
At present, Everett’s equation is the preferred choice in existing calculations. It was re-
vealed that salt crystallization was influenced by the rock’s pore structure, environmental
factors, and salt type [25]. Several studies have demonstrated that Na2SO4 is one of the
key salts involved in the weathering of rocks [26]; crystallization significantly alters the
pore structure, resulting not only in rock degradation but also influencing subsequent
imbibition processes. Some researchers [27] have measured the water absorption mass,
resistivity, and water absorption front height during capillary imbibition to investigate
brackish water migration. These scholars [28] combined long-term weathering effects from
high-concentration solutions with drying and wetting cycle experiments to create a law
of rock degradation and weathering. However, the influence of salinity on the imbibition
process has received less attention in previous studies [29].

The primary objectives of this study are to reveal the capillary imbibition law of
brackish water with varying concentrations in sandstone and explore the impact of the
solution concentration during capillary imbibition. Capillary imbibition tests were adopted
using solutions of Na2SO4 with varying concentrations. The water imbibition mass, water
imbibition front height, nuclear magnetic resonance (NMR) T2 spectra, and stratified
moisture distribution were measured to observe the solution migration inside and on
the surface of sandstone. Based on essential theories of capillary solution migration, the
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influence of the salt solution concentration on the capillary imbibition process in sandstone
was analyzed.

2. Methodology
2.1. Sample Preparation

In this study, six sandstones were selected, each exhibiting bedding planes perpendicular to
the axis of the cylindrical core. The sample dimensions were 50 mm (diameter) × 120 mm (height)
(Figure 1). The P-wave velocity and porosity of each sample are presented in Table 1.
Additionally, the pore size distribution curve was determined by testing the NMR T2
spectra of the sample (Figure 1). Na2SO4 solutions with concentrations ranging from 0 g/L
to 10.00 g/L were prepared for capillary water imbibition tests.
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Table 1. Parameters of the sample.

Sample Solution
Concentration (g/L) Porosity (%) P-Wave Velocity

(km·s−1)

1 0.00 19.40 2.09
2 0.10 19.41 2.08
3 0.50 19.45 2.06
4 1.00 19.38 2.03
5 5.00 19.11 2.04
6 10.00 19.47 2.06

2.2. Experimental Design

The samples were placed in the oven for 24 h (105 ◦C), and then the mass of the
sample was measured. The drying sample was subjected to capillary water imbibition
testing by placing it on top of a permeable stone and adding brackish water with varying
concentrations to the Petri dish until no obvious moisture remained on the surface of the
permeable stone. The Petri dish was then covered with an inverted beaker.

(1) Water imbibition mass and height of the water imbibition front measurements

Water imbibition mass is defined as the difference between the imbibition mass at a
certain moment and the initial mass. The water imbibition front is defined as the boundary
between the drying and wetting zones is the imbibition front during capillary imbibition
process. The duration of water imbibition was measured when the sample came into
contact with a permeable stone. Within the first 5 min, the mass and height of the sample
were measured and photographed. As the sample’s water imbibition rate slowed, the
interval for its water imbibition process increased to 10–30 min. In the later stages of the
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test, the interval extended to 60 min to 2 h until the imbibition mass remained stable. The
height of the capillary water imbibition front was measured through four lines drawn on
top of the sample, and then their average value was calculated under different intervals.

(2) NMR T2 spectra and stratified moisture distribution measurements

The duration of water imbibition was measured when the sample came into con-
tact with a permeable stone. Initially, the T2 spectra and stratified moisture distribu-
tion were measured after 5 min of water imbibition. As the rate of water imbibition de-
creased, the interval for T2 spectra and stratified moisture distribution test was extended to
10–30 min. In later stages, the interval further increased from 60 min to 2 h. A MacroMR12-
150H-I nuclear magnetic resonance microstructure analysis and imaging system was used
for testing the T2 spectra and stratified moisture distribution. The stratified moisture
distribution is a testing method that accurately represents the spatial variation in water
content along the vertical axis of the sample. The stratified moisture distribution and its
corresponding figures are presented in Section 4.2.

2.3. Test Theory of Nuclear Magnetic Resonance (NMR)

(1) Measurement of T2 spectra

The distribution of water during capillary water imbibition was tested using NMR.
The hydrogen protons randomly distribute within the pore water of rocks and generate a
magnetization vector that aligns with the magnetic field direction of the permanent magnet
field. Subsequently, these magnetized protons undergo flipping from a new equilibrium
position due to the alternating electromagnetic field. Upon removal of the alternating
magnetic field, the protons revert to their initial states of equilibrium; the above processes
are referred to as relaxation [30]. The transverse relaxation times of water demonstrate
variations with different pore sizes. Matteson [31] and Jia [32] divided water into three
types, namely bound water, capillary water, and bulk water, based on transverse relaxation
times of 3 ms and 33 ms.

(2) Measurement of the stratified moisture distribution

Stratified moisture distribution can offer a more precise indication of the spatial
distribution of water content within rocks, similar to the T2 spectra test theory. The
perpendicular gradient magnetic field Gy is applied in conjunction with the original static
magnetic field B0 to the sample, resulting in an increase in the NMR signal amplitude at
each position along the y-axis. Assuming a magnetic field strength of BA at height A in the
sample, a one-dimensional linear gradient magnetic field is applied to excite H protons
at height A for magnetic resonance. By measuring the relaxation time, we can determine
the pore water content in section A. The echo signals collected from the sample are then
subject to a one-dimensional Fourier transform for analysis; with a simple conversion, a
signal amplitude corresponding to their respective water contents is obtained for varying
layers within the sample [33].

3. Observation of Capillary Imbibition
3.1. The Variation in Water Imbibition Mass and Sorptivity S

(1) Water imbibition mass

Figure 2 shows that as the imbibition time increases, the imbibition mass increases,
with minimal variation observed at the later stages. Additionally, an increase in solution
concentration leads to a decrease in the stable duration of imbibition mass. The water imbi-
bition rate is defined as the variation in the imbibition mass over time, and it demonstrates
an inverse relationship with the imbibition time. However, the imbibition rate is directly
proportional to the solution concentration increase. In capillary imbibition, the initial
stage shows an increasing rate of imbibition, while later stages demonstrate a stable rate.
The capillary imbibition process of sandstone samples at varying solution concentrations
shows a similar trend, characterized by three stages: rapid increase, slow increase, and
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stabilization, and these stages are determined by the variation in the water imbibition rate.
The impact of the solution concentration is manifested in variations when measuring the
water imbibition mass, water imbibition rate, and duration among samples at each stage
(Figure 2). The porosity of the six samples is similar, and they display a perpendicular
bedding structure. Moreover, there is minimal variation in the total water imbibition mass
of each sample. The impact of the solution concentration is primarily manifested in the
stages of rapid and slow increase.
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Figure 2. The variation in the water imbibition mass and water absorption rate with different
concentrations ((a) sample with a solution concentration of 0.00 g/L; (b) sample with a solution
concentration of 0.10 g/L; (c) sample with solution concentration of 0.50 g/L; (d) sample with solution
concentration of 1.00 g/L; (e) sample with a solution concentration of 5.00 g/L; (f) sample with a
solution concentration of 10.00 g/L; the bule line refers to the water imbibition mass; the red line
refers to the rate of water imbibition).

The duration of the “rapid increase” stage increases with varying solution concentra-
tions, as demonstrated in Table 2. In particular, when the solution concentration reaches
1.00 g/L, there is a significant extension with the duration of this stage. The water imbibi-
tion mass during the “rapid increase” stage is proportional to the increase in the solution
concentration. Moreover, there is a corresponding increase in the water imbibition rate at
this stage. The duration of the “slow increase” stage decreases as the solution concentration
increases, resulting in a corresponding decline in the water imbibition mass during this
stage. The aqueous solution imbibition rate at this stage is higher than that of the brackish
water solution, while there is no significant variation in the imbibition rate of the latter.
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Table 2. Water imbibition time and mass of samples at each stage with varying solution concentrations.

Solution
Concentration (g/L) Parameter Stage I Stage II

0.00 g/L
T (min) 149 2458
M (g) 4.51 23.81

R (g/min) 0.035 0.40

0.10 g/L
T (min) 147 2848
M (g) 4.04 24.77

R (g/min) 0.26 0.011

0.50 g/L
T (min) 166 1116
M (g) 9.53 19.04

R (g/min) 0.065 0.025

1.00 g/L
T (min) 241 1337
M (g) 9.6 18.82

R (g/min) 0.045 0.018

5.00 g/L
T (min) 263 1285
M (g) 11.03 21.78

R (g/min) 0.048 0.019

10.00 g/L
T (min) 372 920
M (g) 19.92 25.16

R (g/min) 0.056 0.019
Note: T = water imbibition time; M = water imbibition mass within each stage; R = the increase in the water
imbibition mass per unit time = M/T.

(2) Sorptivity S

The mass of capillary water imbibition has been shown to exhibit a linear correlation
with the square root of time until reaching stabilization in numerous experimental studies.
The slope of this linear relationship, referred to as the sorptivity S, has served as a standard
for evaluating the capillary water absorption capacity [34]. The sorptivity S is the ratio of
the water imbibition mass per unit area to the imbibition time:

i(t) = k + S
√

t (1)

where i is the cumulative water imbibition mass at various intervals, and k is a constant.
Figure 3 shows the attainment of sorptivity S.
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The sample’s sorptivity consistently increases with the solution concentration
(Figure 4). The sorptivity of sample 3, at a concentration of 0.5 g/L, only slightly de-
clines compared to that of sample 6, which has the highest solution concentration.
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The sorptivity can be categorized into three types [35]: S > 0.039 g/cm2min0.5, where
the sample is highly absorbent; S ranging from 0.0065 to 0.039 g/cm2min0.5, where the
sample is moderately absorbent; and S < 0.0065 g/cm2min0.5, where the sample is slightly
absorbent. The sorptivity of samples with varying concentrations can be categorized into
varying types of water imbibition. The sorptivity of the samples with concentrations of
0 g/L (sample 1) and 0.1 g/L (sample 2) are 0.032 g/cm2min0.5 and 0.031 g/cm2min0.5,
respectively, which are classified as moderately absorbent; the sorptivity of the samples
with concentrations of 0.5 g/L, 1.0 g/L, 5.0 g/L, and 10.0 g/L (samples 3, 4, 5, and 6) is
above 0.0065 g/cm2min0.5, classifying them as highly absorbent.

3.2. Variation in the Height of the Imbibition Front

The impact of the solution concentration on the variation in the water imbibition
front height is clearly demonstrated in Figure 5. In general, except for samples with a
concentration of 0.50 g/L, the duration for the water imbibition front height to reach its
maximum gradually decreases as the solution concentration increases. The height of the
capillary imbibition front of the sample initially exhibits a rapid rise, followed by a decrease
in the rate of rise until it eventually reaches the top of the sample. Therefore, the variation
in the height of the capillary imbibition front over time can be categorized into three distinct
stages: rapid rise (V1), slow rise (V2), and stabilization (V3). We can define the variation
in the height of the imbibition front with time as the water imbibition front rise rate. The
slope of the fitted front height versus the time curve is calculated as the front rise rate at
a certain stage. The results of the front rise rate for the fast-rise and slow-rise stages are
shown in Figure 6.

The rate of the imbibition front rise increases with an increase in the solution concen-
tration during stages V1 and V2 (Figure 6). Specifically, during V1 and V2, the rate of the
imbibition front rise at a concentration of 10.0 g/L (sample 6) is approximately three times
higher than that at 0 g/L (sample 1).
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In this section, we investigate the capillary imbibition process of salt solutions with
varying concentrations by monitoring parameter variations during water imbibition. The
test findings reveal that increasing the salt concentration does not significantly impact the
total water imbibition mass; however, it leads to sorptivity increases, and the time taken
to reach the top of samples decreases. The water imbibition mass and height of the water
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imbibition front during capillary imbibition can be classified into three stages; among these
stages, the variation in the salt solution concentration has a more pronounced impact on
the “rapid absorbing” and “slow absorbing” stages. The water imbibition rate is influenced
by the distribution of pore sizes, liquid properties, and environmental factors. The pore
size distribution of the samples does not exhibit significant differences (Figure 1). However,
the water imbibition process of the brackish water involves the migration of the solution
through interconnected capillary tubes within the sample, ultimately reaching the top.
During the water imbibition process, both the upper surface and lateral sides of the sample
serve as evaporative fronts, resulting in partial evaporation of the solution. The water
imbibition rate negatively correlates with the duration of water imbibition. On the contrary,
as the concentration of the solution increases, there is a corresponding increase in the rate
of water imbibition. This phenomenon can be attributed to the migration of brackish water
toward the sample surface, resulting in crystallization generated at a specific distance from
the surface of the sample and subsequent clogs in the solution’s migration pathway.
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4. Observation of Capillary Imbibition Using NMR
4.1. Variation in T2 Spectra

(1) Variation in T2 spectra

The T2 spectra of sandstone demonstrate a positive correlation with the pore water
content, while the shape of the T2 spectra reflects the distribution of various types of pore
water. Figure 7 shows the T2 spectra at different times.

The signal amplitude of all samples increases during the water absorption process,
ultimately reaching a stable level at the end. The signal amplitude increase is most pro-
nounced in the leftmost peak of the T2 spectra across all samples. However, variations in
salt solution concentration also result in differences in the T2 spectra among the samples.
The primary manifestations are twofold: On the one hand, with an increase in the solution
concentration, there is a gradual decline in the signal amplitude during water imbibition,
accompanied by a decrease in the total T2 spectra area (Figure 8a). On the other hand,
upon comparing the relaxation time with varying concentrations, an increase in solution
concentration leads to progressive inward shifts of both left and right boundaries within
the T2 spectra.

(2) Variations in pore water

To clarify the migration processes of pore water, the T2 spectra classify pore water
into bound water, capillary water, and bulk water at 3 ms and 33 ms. The variations in
the signal amplitude of bound water, capillary water, and bulk water are illustrated in
Figure 8b–d. The pore water signal amplitude obtained by the T2 spectra corresponds to
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the pore water content in sandstone. Furthermore, Table 3 displays the signal amplitude
durations of the three types of pore water during the rapid-rising stage.
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Figure 8. The total signal with various solution concentrations and three types of pore water signal
amplitudes ((a) the total signal of the T2 spectra; (b) the signal amplitude of bound water with the
imbibition time; (c) the signal amplitude of capillary water with the imbibition time; (d) the signal
amplitude of bulk water with the imbibition time).

The signal amplitude of bound water of all samples demonstrated a similar trend,
initially increasing followed by decreasing. Moreover, as the solution concentration in-
creases, the time required for the bound water signal amplitude to reach its peak gradually
decreases (Table 3), and the subsequent decline after reaching the peak becomes more
pronounced (Figure 8b). The signal amplitude of capillary water of all samples demon-
strates a similar trend, with an initial rise followed by subsequent stabilization (Figure 8c).
As the solution concentration increases, there is a decline in the duration needed for the
capillary water signal to be stabilized (Table 3). The variations in bulk water in each sample
demonstrate various trends. The samples with a low salt concentration (≤0.1 g/L) display
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an “S”-shaped trend, with the rapid-rising stage in the middle, while the other samples
exhibit a biphasic trend, characterized by an initial rapid increase followed by a subsequent
deceleration in the rate of increase(Figure 8d). The data presented in Table 3 demonstrates
that, for all samples, the rapid-rising stage of the signal amplitude for bound water finishes
first, followed by capillary water and, ultimately, bulk water. The faster upward migration
rate of bound water is primarily attributed to the evaporation of water vapor above the
water imbibition front and subsequently condenses in the upper pores. The redistribution
of pore water during the capillary imbibition can be inferred from the decrease in the bound
water signal and the increase in the bulk water signal in the later stages.

Table 3. The duration of the rapid-rising stage of different types of pore water.

Solution
Concentration (g/L) Bound Water Capillary Water Bulk Water

0 g/L 1506 min 2342 min 2876 min
0.1 g/L 1904 min 2696 min 3048 min
0.5 g/L 713 min 996 min 1116 min
1.0 g/L 915 min 1072 min 1594 min
5.0 g/L 801 min 1162 min 1285 min
10.0 g/L 506 min 506 min 546 min

(3) Comparison between the NMR signal amplitude and water imbibition mass

The variations in the T2 spectra and water imbibition mass of each sample during
the rapid- and slow-absorbing stages over time are presented in Figure 9. The results
indicate that when the solution concentration is low (≤0.5 g/L), there is a consistent rela-
tionship between the variations in signal amplitude and water imbibition mass over time,
with both stabilizing at similar times. However, when the solution concentration exceeds
0.50 g/L, desynchronization occurs between these two parameters, and it becomes in-
creasingly significant as the solution concentration increases. The signal amplitude of the
sample, at a salt concentration of 10.00 g/L, demonstrates an obvious decline after reaching
the maximum, while the water imbibition mass continued to increase. The decrease in
the signal amplitude strictly corresponds to a reduction in water content, while the water
imbibition mass obtained by testing increases. This apparent paradox suggests that the
improvement in the water imbibition mass is likely attributed to increased salt content,
while moisture loss leads to crystallization.
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4.2. Variation in Stratified Moisture Distribution during Capillary Imbibition

The stratified moisture distribution curve illustrates the process of water migration
along the axis direction of the cylindrical core of the samples. The evolution of the stratified
moisture distribution curve corresponds closely to that of the water imbibition front height,
demonstrating two distinct stages: (1) Water migration. The water migration stage primarily
involves vertical water movement, leading to increases in signal amplitude along the
vertical axis. (2) Redistribution. During the redistribution stage, water migration is finalized
within the primary capillary channels, and water predominantly migrates into slightly
connected or disconnected pores. In this stage, there is no alteration in the stratified water
content curve along the vertical axis; however, there is an overall increase in its signal
amplitude (Figure 10). The varying solution concentration results in differences in the
duration of both water migration and redistribution stages for each sample.
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5. Discussion

Based on the above capillary imbibition test, the following phenomena were demon-
strated: (1) The solution concentration indicated a significant impact on the water imbibition
rate in sandstone. The variations in water imbibition mass, sorptivity, and height of water
imbibition front are presented in Figures 2–6; the above parameters indicate a positive
correlation between a higher solution concentration and water imbibition rate. (2) The total
signal amplitude of sandstone decreases as the solution concentration increases (Figure 8).
(3) When the solution concentration exceeds 0.5 g/L, the NMR signal amplitude of the
sample does not exhibit synchronized variations with the water imbibition mass; in some
cases, it even demonstrates an inverse trend (Figure 9). The above phenomena demonstrate
that the participation of the solution significantly alters the capillary imbibition process.
There are two potential factors contributing to the variations: firstly, the presence of salinity
alters the liquid properties, and secondly, the imbibition process of brackish water modifies
the pore structure of sandstone. The mechanism of influence of a varying solution concen-
tration on the capillary imbibition process of sandstone is analyzed based on the theory of
capillary dynamics.
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(1) The imbibition model of a single-tube cylindrical capillary

The capillary imbibition model has been adopted in studies to precisely fit the im-
bibition process. Jia [36] adopted the capillary imbibition model to match the variation
in the capillary imbibition front while disregarding inertia and gravity effects. The Fries
model [18] adopted the invisible solution t(z) of the L-W equation to optimize the L-W
equation and developed a capillary imbibition model that involves gravity and inertia
effects. However, as Figure 11a shows, the results of the Fries model demonstrate signif-
icant deviation from the tested values of water imbibition front height; consequently, it
can be inferred that the Fries model inadequately matches the practical variations in the
water imbibition front height. Therefore, in this study, we adopted the capillary imbibition
model proposed by Zhmud [37] to investigate the mechanism of influence of the capillary
imbibition process with varying solution concentrations. Figure 11b illustrates the results
obtained using the Zhmud capillary imbibition model.
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The Newtonian kinetic equation for an incompressible viscous liquid in a long cylin-
drical capillary with radius r can be formulated as follows:

ρ[zz′′ + (z′)2
] =

2
r

γ cos θ − 8
r2 ηzz′ − ρgz (2)

where ρ is the density, kg/m3; η is the viscosity, Pa·s; γ is the surface tension, N/m; θ is the
liquid wetting angle, ◦; z is the rise height of capillary water, m; r is the capillary radius,
µm; and g is the acceleration of gravity, m/s2.

When the capillary is assumed to be a Poiseuille flow profile, the liquid within the
capillary obtains a stable height z∞ determined by the equilibrium between gravity and
the capillary force:

z∞ =
2γ cos θ

ρgr
(3)

The L-W equation elucidates a stable process of capillary water imbibition involving
the influences of gravity and viscous forces as follows:

2
r

γ cos θ − 8
r2 ηzz′ − ρgz = 0 (4)

When the imbibition time is sufficiently long and the capillary migration front height
approaches the stable height z∞, the L-W equation can be expressed as follows [18]:

4
r2 η

d
dt

(z2) + ρgz =
2
r

γ cos θ (5)
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The solution of z(t) in this case can be formulated as

z(t) = z∞ − ε(t) (6)

In cases where the deviation between the capillary water rise height z and the stable
height z∞ is negligible, (z2)′ ∼= −2z∞ε′, the linear solution for ε can be formulated as

ε(t) = const · exp
(
− ρgr2

8ηz∞
t
)

(7)

The coefficient preceding the exponent should be adjusted to ensure that ε(0) = z∞,
and the proposed expression for z(t) by Zhmud is as follows:

z(t) = z∞

[
1 − exp

(
− ρgr2

8ηz∞
t
)]

(8)

The z-t curve for various diameters was calculated using Formula (8), representing the
variation in the water imbibition front height over time.

(2) Impact of varying solution concentrations on the solution’s properties

The capillary imbibition process is primarily influenced by the liquid properties, as
demonstrated in Formula (7), including density, viscosity, surface tension, and contact angle.
The impact of the solution’s concentration on these parameters is analyzed individually.

The correlation between the solution density and solution concentration can be ex-
pressed as

ρ = C × M (9)

where C is the solution concentration, mol/L, and M is the solute mass, mol/kg. The
density of the Na2SO4 solution can be determined via calculation at varying concentrations.

The relationship between the viscosity and solution concentration is elucidated by the
aqueous solution viscosity model [38]:

ln
( ηi

mPa
·s
)
=

v1(1 − wW)v2 + v3

(ν4t/°C + 1) ln
{

v5(1 − wW)v6 + 1
} (10)

where ηi is the viscosity, Pa·s; wW is the mass fraction of water, %; and v1~v6 are dimension-
less empirical constants. Laliberte obtains the viscosity of Na2SO4 at varying concentrations
at 22 ◦C.

The surface tension of the solution is determined using the hanging ring method with
varying Na2SO4 solution concentrations at 22 ◦C [39].

The contact angle of the solution can be determined through the surface tension, as
established by Sghaier [40]:

θ ≈ Arc cos
(

σ(0) cos θ(0)
σ(C)

)
(11)

where σ(0) and θ(0) are the liquid surface tension and contact angle of aqueous solution,
respectively, and σ(C) is the surface tension with varying solution concentrations. The
contact angle of the aqueous solution was measured to be 33◦ [41].

Based on the theoretical formulas and test data above, the density, viscosity, surface
tension, and contact angle at varying solution concentrations are presented in Table 4.
The minimal impact of the salt concentration on liquid properties demonstrates that the
primary factor contributing to significant variations in imbibition should be attributed to
the modification of sandstone’s pore structure during brackish water imbibition.
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Table 4. Parameters at various solution concentrations.

Solution
Concentrations

(g/L)
Density (kg/m3) Viscosity (Pa·s) Surface Tension

(N/m)
Contact Angle

(◦)

0.00 1000.00 9.55 × 10−4 7.16 × 10−2 33.00
0.10 1000.07 9.56 × 10−4 7.16 × 10−2 33.00
0.50 1000.35 9.57 × 10−4 7.16 × 10−2 33.01
1.00 1000.70 9.58 × 10−4 7.16 × 10−2 33.01
5.00 1003.50 9.70 × 10−4 7.16 × 10−2 33.07
10.00 1007.00 9.84 × 10−4 7.17 × 10−2 33.13

(3) The modification of sandstone’s pore structure during the brackish water
imbibition process

Solution migrates from the bottom upwards within its pores during capillary imbi-
bition in sandstone. To illustrate the modification of the pore structure in the brackish
water imbibition process, the complex network of pores is considered equivalent to a
capillary with an equal imbibition rate. A series of z-t curves was calculated by inputting
the parameters from Table 4 into Formula (8) while varying the radius r of the capil-
lary tube. These resulting z-t curves were then compared with test data in Figure 5 to
determine the equivalent radius req of the samples with varying solution concentrations
(Figure 11b). The results illustrate that the equivalent radius of the sample increases with the
solution concentration.

The derivation of Formula (8) with respect to time establishes a correlation between
the water imbibition front rising rate dz

dt and the capillary radius r0 [35]:

dz
dt

=

(
1
8

σa
ηt

cos θ

) 1
2

(12)

During capillary imbibition, the water content decreases while evaporation occurs on
the sample surface; meanwhile, the crystallization generation results in poor connectivity
in the sample surface, called pore clogging. The increase in the equivalent radius of the
sample can be attributed to crystallization clogging the surface pores during brackish
water imbibition. The sandstone has a distinctive bedding structure, with significantly
higher porosity connectivity observed in the parallel bedding direction compared to the
perpendicular bedding direction. The schematic diagrams of varying bedding planes of
sandstone are shown in Figure 1. Consequently, the capillary imbibition process in the
perpendicular to bedding direction can be summarized as “initial migration within intra-
layer followed by subsequent migration between inter-layer” [36]. Capillary imbibition in
sandstone involves simultaneous moisture imbibition and migration within the sandstone,
as well as evaporation and loss on its surface. The water evaporation through the sides
results in crystallization within the pores, with the pores gradually clogging from its
exterior to its interior. The decline in available pore space for solution filling leads to a
shortened intra-layer migration of solution parallel to the bedding, ultimately resulting in
an accelerated rate of water imbibition.

Corresponding to the experimental results in Figure 8, as the solution concentration
increases, there is an increase in solution saturation, and a higher solution concentration
leads to greater crystallization of Na2SO4 and accelerates the pore-clogging phenomenon,
resulting in noticeable water loss in the sample and a shorter T2 spectra relaxation time.
As Figure 9 shows, the NMR signal amplitude of the sample does not demonstrate syn-
chronization with the water imbibition mass over time, and it even demonstrates a reverse
trend at certain stages (e.g., for the 10.00 g/L sample). This phenomenon indicates that
higher solution concentrations lead to an increase in crystallization within the surface pores
of the sample, thereby resulting in a rise in the water imbibition mass. With the increase
in the solution concentration, there is an illusion of an increase in the “water imbibition
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mass”, which is the total absorption mass of both “moisture” and “crystallization” that is
increasing in essence. This is due to the clogging of pore space by crystallization, resulting
in decreased water content and increased solution concentration.

6. Conclusions

The present study used a capillary imbibition process, including Na2SO4 solutions
with varying concentrations, to observe the solution migration process in sandstone, testing
parameters such as the water imbibition mass, water imbibition front height, NMR T2
spectra, and stratified moisture distribution. The impact of the salt solution concentration
was explicated based on the theory of capillary imbibition. The primary findings are below:

(1) The solution concentration alters the rate of water imbibition during capillary imbi-
bition. An increase in solution concentration leads to an enhancement in the rate of
water imbibition mass, sorptivity, and the rate at which the height of the imbibition
front rises.

(2) The total water absorption of sandstone decreases with increasing solution concentra-
tion. The total signal amplitude of the T2 spectra decreases with increasing solution
concentration, and the boundary on both sides of the relaxation time gradually shifts
toward the center.

(3) When the solution concentration exceeds 0.50 g/L, the NMR signal amplitude of the
sample does not exhibit synchronized variations with the water imbibition mass over
time. It may even demonstrate an inverse trend at certain stages. For instance, the
signal amplitude of the sample with a concentration of 10.00 g/L exhibits a subsequent
decline after reaching its maximum. At the same time, the mass continues to improve
as the water imbibition time increases.

(4) The solution concentration significantly influences the water imbibition process of
sandstone for two potential reasons: Firstly, the presence of salinity alters the liquid
properties. The calculation shows that variations in solution properties at varying
concentrations do not significantly impact the water absorption rate. Furthermore, the
imbibition process of brackish water modifies the pore structures of sandstone. In the
water imbibition process of a sample perpendicular to the bedding plane, the surface
of the sample is regarded as the evaporation front, which leads to the generation of
crystallization close to the sample surface. As a result, crystallization clogs the parallel
water migration pathway along the bedding surface, which decreases the water
migration time and increases the water imbibition rate. The law that the equivalent
capillary radius is higher in the sample with a higher solution concentration was
demonstrated by comparing the classical capillary dynamics model and test results.
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