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ABSTRACT

Water diffusivity in cracked rocks is of great importance in the recovery of conventional and unconven-
tional resources and in the sequestration of carbon dioxide and nuclear wastes. However, the mechanism
of water diffusivity is not clearly revealed in the unsaturated fractured sandstone due to the limitation of
accurately identifying the dynamic wetting front and water content in the conventional methods. Based
on a set of self-designed coupling loading device, the novel neutron radiography imaging is used to vi-
sualize the dynamic diffusivity process of forced water from a horizontal rough crack vertically imbibed
into an unsaturated sandstone matrix with nonuniform boundary in real time. As a result, an anomalous
diffusivity phenomenon, namely the time exponent less than 0.5 is discovered. The anomalous diffusivity
may be mainly caused by the heterogeneity and anisotropy of matrix and complicated 3-D water imbi-
bition due to nonuniform geometric boundary. The nonstandard imbibition experiment condition may be
an additional important factor. The anomalous diffusivity was calculated by three methods, including the
Generalized Fickian law, Lockington and Parlange (L-P) model and the developed Meyer-Warwick (M-W)
model. The value of the diffusivity increases non-linearly with the increase of normalized water content
0,. The diffusivity calculated by the developed M-W model increases rapidly with increasing 6, from 0
to 0.2 mm3mm~3, which is almost the same as that calculated by L-P model. When 6, > 0.2 mm?mm~3,
the L-P model obviously overestimates the diffusivity, but the diffusivity calculated by the developed M-
W model is closest to that obtained by the Generalized Fickian law. The developed M-W model provides
an effective way to quantitatively describe the diffusivity of water in the sandstone matrix.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

exploitation of energy reservoirs [1-3] (such as oil, natural gas),
the underground sequestration or storage of gaseous or solid waste

Natural and artificial porous materials containing fractures
and/or cracks are ubiquitous, and most of them are partially satu-
rated with various fluids. Water associated with the dissolved min-
erals and particulates can imbibe and penetrate into the porous
materials quickly through the open cracks. The fundamental under-
standing and modeling of the hydro-dynamical process is of great
importance for practical application in many fields, including the
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[4-7] (such as carbon dioxide, nuclear waste), and the protection of
building or structure materials [8] (such as sandstone, concrete, re-
inforced concrete). The water diffusivity within cracked porous me-
dia is well known to be a complex dynamic physical process, par-
ticularly for the observed anomalous water diffusivity phenomena
in recent years. The fundamental understanding of water diffusiv-
ity plays an important role in accurately describing water transport
through the unsaturated fractured porous media.

Commonly, the sorptivity and diffusivity coefficients are used
to define transient water transport in porous materials under
partially-saturated conditions [9], and these two quantities are im-
plicitly appeared as the dynamic evolution of the wetting front in
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macroscopic-scale. Two traditional methods including the weight-
ing [10,11] and instantaneous profile [9] are frequently used to
determine unsaturated diffusivity. However, the reliability and ac-
curacy of these two traditional methods in the prediction of the
dynamic water distribution during water diffusivity process has
been questioned [9]. With the development of non-destructive ex-
perimental imaging techniques, such as Nuclear Magnetic Reso-
nance [12,13], X-ray imaging [14,15] and neutron imaging [16-19],
the ability to visualize fluid flow in time series for unsaturated
porous, fractured materials has increased in most recent years.
Although Nuclear Magnetic Resonance [12,13] and X-ray imaging
[20,21] are still used to research unsaturated water flow and dif-
fusivity in porous materials, both of them have their own limita-
tions. For instance, X-ray imaging can clearly observe the migration
and distribution of water only through the use of contrast agents
[22] (e.g., cesium chloride and salts), which may alter the wetting
behavior of the porous media (e.g., the contact angle of water to
solid) [9,23]. Nuclear Magnetic Resonance cannot measure the ac-
curate spatial water content due to its limit of the pore size range
[24] and the presence of mineral element (e.g., iron) in porous me-
dia [25]. In contrast, the neutron radiography technology is one of
the best methods to investigate the water transport dynamics in
porous materials [19,26]. Because neutrons are strongly attenuate
by hydrogen and relative insensitivity to gas and solid components
(e.g., quartz) [18]. Thus, the neutron radiography has been widely
applied to capture the variety of water content during water im-
bibition in both natural and engineering porous materials, such as
brick, concrete, porous glass, sand, rock and soil [18,27-32].

The natural rocks, even for tight sandstone and shale have
strong heterogeneity and anisotropy which have considerable ef-
fect on the mechanical [33] and hydraulic [34] property in the mi-
croscopic perspective due to the certain flaw of natural generation.
The anisotropy leads to the directionality of hydraulic characteriza-
tion including saturated permeability and unsaturated imbibition,
namely there is prominent difference for penetration characteris-
tics in different directions [35]. The heterogeneity contributes to
the temporal variation of hydraulic characteristics, that is, there
is different penetration characteristics in different position [36].
Hence, the two characteristics (i.e., heterogeneity and anisotropy)
can comprehensively gave rise to complicated unsaturated pen-
etration including the nonstandard hydraulic diffusivity property
[37] and nonuniform wetting evolution law [38] in comparison to
the isotropical homogeneous artificial materials.

The studies of the water imbibition hydraulics in unsaturated
porous media can be traced back to the beginning of the 20th cen-
tury when the basic understanding of the capillary laws universally
finding that the linear relationship between the wetting front po-
sition L and the square root of time was gained as the later recog-
nized L-W equation [39-45]. The L-W equation lays the foundation
for the study of water imbibition in porous materials. Based on L-
W equation and combined with Richard’s equation, Fick’s law and
Boltzmann transform, many studies proved an experimental phe-
nomenon described by L-W laws in the unsaturated diffusivity and
imbibition of water in both matrix and crack of the porous materi-
als by using neutron radiography technology [8,9,26,46-51]. How-
ever, A series of increasing experimental and theoretical analyses
on the liquid wetting behavior of porous media suggested that the
dynamic evolution of the water wetting front did not always fol-
low the classical L-W equation (i.e., the time exponent is not 0.5)
[52], which may be caused by these mechanisms such as the com-
plex micro-structure [53-55], fractal characteristics [56,57], non-
Newtonian behavior [58,59], and the chemo-mechanical changes
[58]. Thus, the accuracy of hydraulic diffusivity of the porous mate-
rials predicted by L-W equation has been increasingly questioned.
In other words, previous researches imply that the evolution of
the wetting front significantly deviates from the Boltzmann scaling,
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reflecting the anomalous Boltzmann scaling (i.e.,, non-Boltzmann
scaling) [60]. The ordinary differential unsaturated diffusivity equa-
tion derived based on the non-Boltzmann transform deviates from
the classical diffusivity equation. A few unique terminologies, such
as ‘anomalous diffusivity’ [16,61,62], ‘hyper/hypo-diffusivity’ [63] or
‘super/sub-diffusivity’ [64], were used to emphasize and distinguish
this phenomenon. With the observed anomalous diffusivity phe-
nomenon of porous media, a few developed theoretical models are
proposed to describe the anomalous phenomenon by using the
generalized Fick’s law [16,62], fractal ruler [60,65] and fractional
order [66,67].

However, the previous studies mostly focused on the diffusivity
of water in unsaturated porous media matrix with uniform bound-
ary conditions where the liquid surface remained static and in the
absence of forced pressure [68]. The diffusivity of water in frac-
tured unsaturated porous media with nonuniform geometry has
not been fully characterized, especially the influence of microstruc-
ture on the diffusivity behavior. Therefore, in this study the wa-
ter transport behavior and dynamic evolution from the horizontal
roughness fracture to the matrix were continuously monitored by
utilizing the neutron radiography imaging under the forced pres-
sure. According to the corrected neutron radiography experimental
data, the anomalous diffusivity phenomenon of water was found
as a result of time exponent less 0.5 in the rock matrix along with
its mechanism analysis. Moreover, three existing models, including
the Generalized Fickian law [16,62], L-P model [58] and the mod-
ified Meyer-Warwick model (W-M model) [16], were employed to
calculate the diffusivity of the cracked sandstone specimen, com-
paratively.

2. Theoretical framework

To quantitatively define anomalous water diffusivity behaviors
in unsaturated porous media, theories and the corresponding an-
alytical methods have been proposed and established [16,60,66].
By combining the unsaturated hydraulic conductivity function and
the capillary pressure-saturation function [50] or employing hori-
zontal infiltration method [69], the unsaturated diffusivity can be
directly obtained. Recently, some fractal theory-based models have
been proposed to predict the unsaturated diffusivity [70,71]. Gen-
eralization of the diffusivity equation, derived through the general-
ized Fickian law with the non-Boltzmann transformation, was in-
troduced to describe the diffusivity. Theoretical models of Locking-
ton, Parlange and Meyer-Warwick define the anomalous diffusivity
functions. The use of a fractal derivative has been found to be ef-
fective in simulating anomalous diffusivity processes [72,73] and
can be applied [74] to model a variety of power law scaling phe-
nomena.

2.1. Diffusivity based on generalized Fickian law

Diffusivity is an effective physical parameter, which was used to
investigate the dynamic imbibition process in unsaturated porous
media [16,18,75]. In order to eliminate the influence of time on dif-
fusivity, the Fickian exponent has been introduced. The gravity was
assumed negligible and the process of the flow was then reduced
to one-dimensional transport. The Generalized Fick’s law can be
expressed as [16]

Vo, v
Q—_D(en)m|ven| (l)
where Q is the flux of water, D(0,) is diffusivity function, 6,
[mm3mm—3] is the normalized volumetric water content, 0, =
©—6,)/0s—06;),0 [mm*mm3] is the volumetric water con-
tent, §;{mm3mm~3] is the initial volumetric water content, §;=0,
@s[mm3mm~=3] is the saturated volumetric water content, 85=0.09,
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V6, is the normalized volumetric water content gradient, y is the
Fickian exponent. Applying the continuity equation, the Eq. (1) can
be transformed to a generalized diffusivity equation for water con-
tent as:

06, Vi op v

Considering the boundary conditions, 6,(L,0) = 6; and
6,(0,t) = 1, and applying the non-Boltzmann variable ¢ = Lt~ («
is the time exponent), the Eq. (2) can be reduced to an ordinary
differential equation as:

doh ) 3)
de

do, T—a(i4y) d do,
atp% =—t v D(6,)sgn £
The diffusivity function can be then derived from Eq. (3)

Y
D(Op, t) = —out® 7)1 (gg) ) @dby, (4)
n 1

Eq. (4) is a function depending on the normalized volumetric
water content and time, and the time dependence of diffusivity can
be eliminated if the relationship between Fickian and time expo-
nents can be expressed as [62]

y=2 -1 (5)

Substituting Eq. (5) into Eq. (4), yields that the diffusivity func-
tion purely depends on the volumetric water content

6,
D(en)=—oz(f$) [ gas (6)

By calculating the derivative on the 6, — ¢ profiles and integral
terms at specific values of the volumetric water content, the values
of D(6,) can be obtained.

2.2. Diffusivity based on Lockington and Parlange model

According to the work of Lockington and Parlange [58], the dif-
fusivity function D(6,) can be considered as a separate function of
0n [mm3mm~3] and time t [sec]:

D(0n) = 2at?*715(6,) (7)
where §(0,) [mm?2 s~1] is the hydraulic diffusivity, which is a func-
tion of 6, only.

We take the wetting front position L to be a simple power of
time ¢ [sec]:

L =st® (8)
where s [mm s~1/2] is proportionality coefficient, which can be ex-
pressed as [76]:

1
2= /0 (14 68 (6n) 9)

Parlange et al. [77] and Campbell [78] proposed a power-law
diffusivity equation. We took the dependence of §(6,) on 6, to be
a power-law

8(6n)=Dob," (10)
Substituting Eq. (10) into Eq. (9), the parameter Dy can be direct
obtained:
sP(k+1)(k+2)
2k+3
Substituting Eqs. (10) and (11) into Eq. (7), the diffusivity based
on Lockington and Parlange model (L-P model) was obtained as:
200297152 (k + 1) (k + 2)
oy
2k+3

Do= (11)

D(6,) = (12)
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According to Lockington et al. [79], the parameter k will be suit-
able for the non-stationary media and they suggested a value of
k=6. When the time exponent « is 0.50, the diffusion is indepen-
dent of time t [sec].

2.3. Diffusivity based on Meyer and Warrick model

Meyer and Warrick [80] proposed an analytical solution for ex-
tracting unsaturated diffusivity function from the Boltzmann trans-
formed data. When the effect of gravity was neglected and the ini-
tial water content in the specimen was assumed to be zero, the
volumetric water content profile was expressed as a function of
the normalized non-Boltzmann variable ¢, as follows:

Om — ¢n
1
e (13)
where A is the shape factor. ¢, = @/¢;, ¢; is the value of ¢ when
6n = 0. Moreover, Meyer and Warrick [80] introduced a method to
build the unsaturated diffusivity function using 65 and A as follows:
a(1-A)" gl

1-—
lo
A6 — AO)?Y [ 8|t

Abd and Milczarek [16] suggested that the Eq. (13) provides a
very good fit to the data in the whole region of the ¢, variable ex-
cept for the region of small ;. In order to analyze the unsaturated
diffusivity in the region of small 6,, a power law approximation
was proposed:

en_(ao( w”) (15)

%o

0

+g} (14)

where 6y is the amplitude parameter, ¢q is the limit value of the
normalized non-Boltzmann variable, m is an exponent parameter.
According to the Meyer and Warrick model (M-W model) [16], the
approximate diffusivity function D(6,) was established by intro-
ducing a time exponent «:

D(6y) = am(l—l/a)(p;/ae(?fl/a)

- m Ql 1/m % 1+(1-m)(1-a)/ma (16)
m+1 00 90

Eq. (16) considers the time exponent « and further develops
the M-W model. Eq. (6) is used to theoretically calculate the un-
saturated diffusivity. The approximate unsaturated diffusivity is ob-
tained by using Eqs. (12) and (16), respectively. By comparing the
results calculated by Eqs. (6), (12) and (16), the adaptability of the
L-P model and the developed M-W model can be evaluated.

3. Materials and methods
3.1. Specimen preparation and setup of experiment

To investigate the diffusivity during water transport in unsat-
urated cracked sandstone, a fine sandstone from Rong County,
Sichuan Province, in southern China was tested. A cylindrical rock
specimen (W1) was prepared with a diameter of 26.54 mm and
a length of 60 mm. The specimen W1 appears homogeneous with
no obvious flaws, as shown in Fig. 1(a). According to the analy-
sis result of X-ray diffraction (XRD), the mineralogical composition
of specimen W1 is as follows: Quartz (97.4%), lllite (0.988%), and
Kaolinite (1.612%). The tested specimen W1 was fractured with a
modified Brazilian test in an axial extensional mode [2]. The ax-
ial fracture was generated through the indirect tension apparatus
by using a load frame of WDW-100E as shown in Fig. 1(b). During
the fracture generation, compressive stress was gradually increased
until the rock breaks and the fracture, parallel to the long axis of
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Fig. 1. Specimen investigated in the test. (a)The specimen is fine sandstone named
W1. (b) The fractured specimen obtained by using modified Brazilian test.

LU

Fig. 2. Photograph of the core holder. The components of the core holder are: 1,
aluminum semicircle wall with a diameter of 25.50 mm and a length of 60 mm;
2, end cap made of photosensitive resin; 3, rectangular aluminum sheet with a di-
mension of 60 mm x 8 mm x 1 mm; 4, screw spike. The front of the core holder
is shown in (a), and the top view of the core holder without 2 in (b).

the specimen, extended throughout the entire length of the core.
Prior to the experiment, the sandstone specimen was dried in an
oven at 105°C for 24 h until the weight was constant.

A core holder, as shown in Fig. 2, was used to hold the
specimen. The core holder has two aluminium semicircle walls
with a diameter of 28 mm and a length of 60 mm. The end
caps are made of photosensitive resin to keep the specimen sta-
tionary. The rectangular aluminium sheet with a dimension of
60 mm x 8 mm x 1 mm (length x width x height) was used
to keep the width of crack. The screw spikes are applied in the
connection and consolidation of each part of the core holder. Alu-
minium parts have low neutron attenuation properties which al-
low receiving better signals from the water present in the speci-
men domain.

3.2. Facility of neutron radiography

The neutron radiography experiments were performed at the
cold neutron guide B located at guide hall of China Advanced
Research Reactor (CARR) in the China Institute of Atomic Energy
(CIAE). The neutron flux rate was set at 1.03 x 107 n/cm?/s when
the reactor operated at 20 MW power. The neutron imaging facility
is located next to the end of the beam guide, and the ratio of the
collimator tube length to its aperture diameter, L/D, is 85. The fa-
cility provides most neutrons between wavelengths of 0.8 and 10 A
(with a peak at 2.9 A). The real-time detector system is equipped
with a new scientific complementary metal oxide semiconductor
(CMOS) camera with 5.5 million pixels and speed up to 100 fps at
full frame as shown in Fig. 3(a). Neutron radiographs are obtained
using the CMOS detector at a rate of 10 fps. The CMOS detector is
equipped with a Li®F/ZnS(Ag) scintillator and the field of view is
10 mm x 10 mm. The native spatial resolution of the detector is
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100 um determined by the pixel size of the Timepix readout. The
neutron imaging facility provides images with much higher resolu-
tion and sensitivity at high frame rate, and more detailed technical
parameters information has been reported by He et al. [95].

According to the XRD result, the main mineral composition of
the specimen W1 is Quartz without the organic matter contain-
ing hydrogen. The effect of coherent scatting due to the quartz
was not observed in previous work and hence the water imbibed
into the sandstone W1 is deemed to be a primary cause leading
to neutron scatter. Consequently, neutron radiography was selected
as an effective research method to observe the wetting dynamics
[9,18,50,81]. The schematic diagram of the experimental setup was
shown in Fig. 3(b), and the exact steps of the experiment are as
follows: (i) obtain 10 dark current images (shutter closed, no neu-
tron illumination) and 10 flat field images (shutter opened with-
out specimen) [81]; (ii) hang the specimen holder in front of the
scintillator screen and fix the core holder on the specimen holder
10 mm away from the scintillator screen, as shown Fig. 3(c), then
take 10 images of the dried specimen, denoted as I pyyy; (iii) keep
the neutron beam open, and use a peristaltic pump to supply dis-
tilled water by silicone tube at the velocity of 5 ml/min until the
base of the specimen contacts the free surface of the water, this
moment is defined as baseline (zero) time [8]. The neutron im-
ages acquired after baseline time are denoted as Iiyer). The expo-
sure time is 0.10 s for each raw neutron image. The experiment
lasted 39.60 s and a total of 27 images were selected to calculate
the diffusivity and the time interval is 1.50 s for the selected im-
ages.

3.3. Neutron image processing and water content calibration

The raw neutron images were processed by using Image] soft-
ware [82,83], and all of them were processed to remove back-
ground noise, beam heterogeneities in the detector [18,51] and the
effect of the dry sandstone speciment and the core hoder on the
neutron intensity [50]:

_ lwery = Ior) (17)

Iy =
Iioryy = Iior)

where Iy is net water neutron images, I pry is the reference image
of the Dark Field, which was acquired from the mentioned ten dark
current images. I pry) is the dry image of the specimen or calibra-
tion cell, which was acquired from the median of the ten dry spec-
imen images or ten dry calibration cell images [23]. More detailed
information about the processing of neutron images has been re-
ported in one previous publication by Zhao et al. [9].

Due to the interaction with the tested material, the neu-
trons can attenuate as the neutron beam (e.g., single wavelength)
traversing an object [20,76], and this phenomenon can be charac-
terized and quantified by Lambert-Beer law [84].

T/To = exp (—nwr) (18)

where T is the transmitted intensity, Ty is the original intensity,
n [mm~1] is the attenuation coefficient of water, and w; [mm] is
the time-dependent water thickness along the direction of neutron
beam. According to Eq. (18), there is a linear relationship between
—In(T/Ty) and the time-dependent water thickness w; [mm]

~In (T/Ty) = (19)

However, scattering effects were dynamically changeable with
the increasing of water thickness, and the deviation was increased
prominently due to scattering of water depending on the water
thickness [32,46,85-87]. Therefore, Eq. (19) cannot be used to de-
scribe the attenuation behavior of neutron beam. In this study, we
introduce an empirical correction parameter 8 [mm~2] to correct
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(b)
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Fig. 3. Equipment layout of neutron radiography used to monitor water diffusivity during flow. (a) Neutron Imaging Facility; (b) Schematic diagram of the experimental
setup; (c) Detailed position of the core holder in front of the detector. The components of the setup are: 1, Computer data acquisition system; 2, CMOS camera box; 3,
Specimen holder; 4, Core holder; 5, Scintillator; 6, Neutron beam; 7, Collimator; 8, Source; 9, Water container; 10, Peristaltic pump; 11, Waste water collector; 12, Silicone

tube.

the scattering and beam hardening effects by assuming following
[86]:

n'=pwc+n (20)
where,  [mm~1] is an effective attenuation coefficient whose role

is to convert transmission T/Ty to the time-dependent water thick-
ness @ [mm]. Combining Eqgs. (19) and (20), we can obtain:

—In(T/Ty) = Bw? + nax (21)

The water thickness w; penetrated by neutron beam can be ex-
pressed as

o = -n/2P) - \/m/(zﬂ))z - %

The value of the attenuation coefficient n and correction coeffi-
cient B is 0.4419 mm~! and 0.0463 mm~2, respectively, and both
of them have been reported by Zhao et al. [9]. The value of T/Tj
can be obtained by measure the region of interest (ROI) of the
net water image. A net water image of specimen W1 at the time
of 9.0 s was selected to illustrate the process of measurement, as
shown in Fig. 4(a). From Fig. 4(a), it shows that the selected net
water image was covered by 9.0 mm? red grids and divided into
6 regions (yellow dash line) with the grid as reference, and then
a rectangle area was selected in each region as ROI and marked
with a solid blue line. The average net water transmission profiles
along the vertical direction of the specimen were extracted from
the images. Thus, applying Eq. (22), the volumetric water content
0 [mm3>mm~—3] can be calculated as:

(O

212 — h?
where r [mm] is the radius of the core and h [mm] is the dis-
tance from the center of the specimen to the pixel. Due to the dif-
fusivity of water, the wetting front continuously moves forward,
and the volumetric water content reaches the lowest at the lead-
ing edge of the wetting front. The transmission increases with the
decreasing of volumetric water content in the direction of the wa-
ter diffusivity, and the specimen W1 is assumed to be dry (i.e.,
6=0) when the value of the transmission is equal to or exceeds a
threshold value. The threshold value for specimen W1 is 1.00 based
on the average transmission value of the dry image. The positions
of wetting front in monitoring ROI 2-1 and ROI 2-2 are shown in
Fig. 4(b).

In (T/Tp) (22)

(23)

4. Results and discussion

The images regarding the water diffusivity process in cracked
sandstone were obtained by using dynamic neutron radiography.
According to the neutron images, the normalized volumetric water
content distributions in every monitoring ROI (1-1, 1-2, 2-1, 2-2, 3-
1, 3-2) of the specimen were analyzed. The wetting front position

Table 1
The fitting parameters time exponent (&), intercept (b) and goodness of fit (R?) for
ROI of the specimen.

Monitoring ROI [ b R?

1-1 0.33 1.30 0.998
1-2 0.32 1.31 0.998
2-1 0.34 1.21 0.998
2-2 0.34 1.28 0.998
3-1 0.37 1.18 0.999
3-2 0.36 1.19 0.999

L and the normalized volumetric water content along the vertical
direction of each ROI were extracted at various time step of the ex-
periment. The initial region of ~5mm from the crack surface to the
white short dot line as shown in Fig. 4(a) of the ROI was cropped
for the analysis because the surface diffusivity of water can poten-
tially influence the distribution of water content at this region [16].
According to classical theories of the water imbibition in porous
media [17], the relationship between the wetting front position
and the square root of the time can be expressed as L = st%5. Some
scholars believed that the classical theory cannot properly and ac-
curately model the experimental phenomena of anomalous diffu-
sivity. They thought that the wetting front propagation follows the
formula L =st* [88,89]. Based on the experimental data in ROI,
the double logarithmic plots of the wetting front position versus
time and the fitted lines of them are presented in Fig. 5(a)-(c). The
fitted curves are in good agreement with the experimental data.
It shows a clearly non-classical (i.e., a#0.5) behavior of the wet-
ting front diffusivity, which was classified as non-Boltzmann phe-
nomenon [16]. The values of the regressed parameters were listed
in Table 1. The relative errors of the time exponent « in ROIs 1-1
and 1-2, ROIs 2-1 and 2-2, and ROIs 3-1 and 3-2 are 15.79%, 10.53%
and 16.28%, respectively. The plots of the wetting front position L
against t¥ are shown in Fig. 6. From Fig. 6, it is apparent that the
regressed model well agrees with the experimental data with all
R? values exceeding 0.99. The values of the regressed parameters
were given in Table 2.

Table 2
The fitting parameters proportionality coefficient (s) and goodness of fit (R?) for ROI
of the specimen.

Monitoring ROI a s R?

1-1 0.33 3.68 0.998
1-2 0.32 3.70 0.998
2-1 0.34 3.41 0.998
2-2 0.34 3.60 0.996
3-1 0.37 3.31 0.998
3-2 0.36 3.27 0.998
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The anomalous diffusivity phenomenon may be caused by these
factors including the roughness fracture interface, anisotropy and
heterogeneity of matrix, forced hydrodynamic pressure, hydrostatic
pressure, insufficient water source and nonuniform boundary con-
dition. The rough fracture interface only exerts an influence on the
initial diffusivity of matrix near the fractured areas. However, the
study complete avoids the initial diffusivity state near the fractured
zone, and hence the effect of rough interface can be ignored. The
forced hydrodynamic pressure is applied to the fractured specimen
through the peristaltic pump, and its influence is eliminated due
to very low force. Under the current conditions of experimental
scale, the specimen only with a few centimeters cannot cause high
gravity head compared with strong capillary pressure [90], ignor-
ing the influence of hydrostatic pressure. In our research, all the
obtained time exponents by hydraulic diffusivity in three ROIs are
close to 0.32, which is in agreement with the result derived by Li
and Zhao [91] considering the Berea sandstone matrix heterogene-
ity and introducing the 3-D fractal dimension in the time expo-
nent. Additionally, our time exponents are in the range from 0.25
to 0.5, which is analogous to values calculated by the fractal imbi-
bition theoretical models considering the matrix anisotropy char-
acterized by 2-D fractal dimension of tortuous streamlines [56,89].
Therefore, the micro heterogeneity and anisotropy of sandstone
matrix may be a prominent factor leading to anomalous diffusivity
phenomenon, although our sample appearing macro homogeneous.
Moreover, different from previous experimental condition, the wet-
ting cross-section gradually varies from the radius to zero with
nonuniform geometric boundary. Thus, the vertical wetting front
monitored by 1-D neutron radiography may be longest distance
along the imbibition direction when the fronts near the boundary

already reach the equilibrium state. Although the shape of wet-
ting front cannot be observed in the 3-D space due to the lim-
itation of neutron radiography, we infer that the complicated 3-
D hydraulic transport due to varying geometric boundary leads to
the observed 1-D anomalous diffusivity from longitudinal protec-
tion cross-section. Finally, the water content diffusing from narrow
fracture space to matrix is different from the standard imbibition
experiment, which results in the insufficient water source supply-
ing for matrix imbibition, hence generating an anomalous diffusiv-
ity phenomenon deviating from the existing standard absorption.

The results of the normalized volumetric water content pro-
files along the monitoring lines of each ROI with a time interval
of 1.50 s from the beginning of water imbibition were shown in
Fig. 7(a)—(f). Fig. 8(a)—(f) show the correlation between the normal-
ized volumetric water content 8, and ¢ at different times of wa-
ter diffusivity. Except for some data sets obtained at the beginning
of the experiment in monitoring ROI 1-1, all of the profiles gen-
erally converge into a master curve, which intercepts the abscissa
axis at 3.625¢. The abscissa intercepts of others ROI (1-2, 2-1, 2-2,
3-1, 3-2) are 3.750¢, 3.406¢, 3.625¢, 3.250¢ and 3.250¢, respec-
tively. Based on the values of abscissa intercept, the average value
¢; for each ROI was 3.625, 3.750, 3.406, 3.625, 3.250 and 3.250,
respectively. For each ROI, the correlation between the normalized
volumetric water content 6, and the normalized non-Boltzmann
variable ¢, was further plotted in Fig. 9(a)-(f), respectively.

In order to study the diffusivity of unsaturated cracked sand-
stone specimen, three methods were employed. In method (i), an
diffusivity function, Eq. (6), was derived based on Generalized Fick-
ian law. The derivative and integral terms of the Eq. (6) were cal-
culated at specific values of the normalized water content, which
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Fig. 5. The double logarithmic plot of the wetting front position versus time for
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3-1 and ROI 3-2 of cracked sandstone.
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Table 3

The fitting parameters amplitude parameter (6y), limit value of the normalized non-
Boltzmann variable (¢,), exponent parameter (m) and goodness of fit (R?) for ROI
of the specimen.

Monitoring ROI O ©¥o m R?

1-1 1.43 0.97 0.33 0.870
1-2 1.62 0.96 0.41 0.918
2-1 1.54 0.96 0.35 0.891
2-2 1.59 0.97 0.33 0.897
3-1 1.42 0.97 0.25 0.875
3-2 1.59 0.98 0.37 0.913

can refer to the 6, — ¢ profile curves shown in Fig. 8(a)—(f). Then
the scatter data of the diffusivity was further obtained. In method
(ii), the other diffusivity function, Eq. (12), was obtained accord-
ing to L-P model. The diffusivity was calculated using Eq. (12). In
method (iii), the finally diffusivity function, Eq. (16), was proposed
based on M-W model. The related parameters were obtained by
fitting the experimental data, as shown in Fig. 9(a)-(f). The regres-
sion parameters were listed in Table 3. Then, the diffusivity was
re-obtained by using Eq. (16).

The relationship between the diffusivity D(6,) in log scale unit
and the normalized water content 6, for ROIs of the specimen
were illustrated in Fig. 10(a)-(f). Whichever ROI and/or model was
used, the value of the diffusivity increases non-linearly with the
increase of normalized water content. This growth spanned several
orders of magnitude (i.e., from 10~12 to 10 mm? s~! in Fig. 10(a)).
At the low water content, the diffusivity of all ROIs did not re-
duce with the increase of water contents as shown in Fig. 10(a)-
(f), which is the same with the results for fired clay brick and
sandstone reported by Abd and Milczarek [16] and Zhao et al. [9],
but different from the results for calcium silicate brick reported by
Carmeliet et al. [92].

The black scattered points in Fig. 10(a)-(f) represented the dif-
fusivity obtained by the Generalized Fickian law. The discretization
of these black points is caused by the scattering 6, — ¢ profiles
[9,93]. The distribution of scattered points near the saturated wa-
ter content (i.e., 8,=1.0 mm3mm~3) is most intensive, as shown
in the red dashed box selection areas in Fig. 10(a)-(f). This phe-
nomenon may be due to that the pores in the rock specimen are
constantly filled with water, and more and more of them reach
near saturation. The short-dash lines in Fig. 10(a)-(f) represented
the diffusivity obtained by the L-P model. Short-dash lines of dif-
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ferent colors represent the diffusivity obtained under different cal-
culation conditions. According to L-P model, the diffusivity is in-
dependent of time under the condition «=0.50, as the pink short-
dash line shown in Fig. 10(a)-(f). When the time exponent is not
0.50, the diffusivity was influenced by time. In order to obtain the
range of influence of time on the diffusivity, the initial and final
times of spontaneous imbibition in each ROI were selected to cal-

1

culate, as the olive and blue short-dash lines shown in Fig. 10(a)-
(f). Values of the diffusivity for the three short-dash lines are al-
most the same with increasing normalized water content from 0
to 0.05 mm?*mm~3, as shown in Fig. 10(a)—(f). Some small devi-
ations were appeared between the three short-dash lines at the
vertical axis direction, which increase slowly with increasing nor-
malized water content from 0.05 to 0.20 mm3mm~3. Then, these
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deviations kept almost constant. The dependence of the diffusivity
calculated by the L-P model on the time is not significant, espe-
cially at low water content area (e.g., 9,<0.05 mm3mm~=3).

The red solid lines in Fig. 10(a)-(f) represented the diffu-
sivity obtained by the developed M-W model. It can be found
that the diffusivity calculated by the developed M-W model in-
crease rapidly with increasing normalized water content from 0
to 0.2 mm3mm~3, which is almost the same as that calculated by
L-P model, as the rectangular shadow regions A and B shown in
Fig. 10(a)-(f). Take ROI 1-1 as an example, the diffusivity calcu-
lated by the developed M-W (or L-P) model grew from 102 to
10~* mm?2 s=! (10-12 to 10~3 mm?2 s~!) with increasing normal-
ized water content from 0 to 0.2 mm3mm~3, as the rectangular
shadow region A (B) shown in Fig. 10(a). This phenomenon is con-
sistent with the results reported by Kang et al. [18], but different
from Carmeliet et al. [92]. The minimum value of the diffusivity
appeared in the vicinity of zero water content, which is different
from the results for fired clay brick reported by Abd and Milczarek
[16], and in their studies the minimum value of the diffusivity dis-
appeared in the vicinity of zero water content. This difference may
be attributed to different materials tested in the experiments [16].

The increasing trend of the diffusivity calculated by L-P model
and the developed M-W model tend to be flat, when the normal-
ized water content is larger than 0.2 mm3mm~3. This phenomenon
is different from the results for concrete, clay brick and silty sand-
stone reported by Nizovtsev et al. [94], Abd and Milczarek [16,17]
and Zhao et al. [9], respectively. In their reports, the growth rate of
diffusivity kept almost constant but the rate speeded up once the
water content reached near saturation, which may be due to more
water being filled in pores, hence intensifying the water transfer
under capillary forces [9,94]. The diffusivity predicted by the de-
veloped M-W model was in a good agreement with the scattered
points obtained by the Generalized Fickian law under the condition
that the normalized water content is larger than 0.2 mm3mm~3,
as shown in Fig. 10(a)-(f). Compared with the developed M-W
model, the diffusivity of sandstone specimen is obviously overes-
timated by L-P model with normalized water content larger than
0.2 mm3mm~3, as shown in Fig. 10(a)~(f). This overestimation may
be resulted from the relative stability of pore space after water
imbibition due to the low contents of clay minerals, such as Illite
(0.988%), Kaolinite (1.612%) within the tested specimen.

In summary, all three methods can be used to describe the dif-
fusivity in the cracked sandstone with homogeneous pore struc-
ture. The diffusivity obtained in different ROIs are different to some
extent, which may be due to the different contact time between
water and rock crack surface caused by different surface rough-
ness of each ROL The diffusivity calculated by the developed M-W
model is closest to that obtained by the Generalized Fickian law,
which suggests that the developed M-W model can better describe
the diffusivity based on non-Boltzmann scaling. However, further
studies are also necessary to evaluate the validity of the developed
M-W model calculating the diffusivity for more types of specimens.

5. Conclusions

In this study, the dynamic process of water diffusivity from
crack to unsaturated sandstone matrix is visualized in real time
by neutron radiography. A correction coefficient was introduced in
Lambert-Beer law to correct neutron scattering and beam harden-
ing, so as to obtain reliable water content distribution from neu-
tron images. According to these neutron images, the wetting front
position along the axial direction of each ROI was extracted at var-
ious times. We discovered that the evolution of the wetting front
over time obeys to non-Boltzmann transformation relationship.
The impossible factors leading to the anomalous hydraulic diffu-
sivity are anisotropy and heterogeneity of matrix, forced hydro-
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dynamic pressure, hydrostatic pressure, insufficient water source
and nonuniform boundary condition. The anisotropy and hetero-
geneity of matrix and nonuniform geometric boundary are mainly
expected to exert significant influence on the anomalous diffusiv-
ity phenomenon. Additionally, the insufficient water source due to
nonstandard imbibition experiment, including the rough fracture
interface and narrow fracture channel is subordinate factor.

The diffusivity was determined by three models including Gen-
eralized Fickian law, L-P model and the developed W-M model. No
matter which ROI and/or model was used, the value of the diffu-
sivity increases non-linearly over several orders of magnitude (i.e.,
from 10~12 to 10 mm?2 s—!) with the increase of normalized water
content. The diffusivity calculated by the developed M-W model
increase rapidly with increasing normalized water content from 0
to 0.2 mm?®mm~3, which is almost the same as that calculated
by L-P model. When the normalized water content is larger than
0.2 mm?®mm~3, the increasing trend of the diffusivity calculated
by L-P model and the developed M-W model tend to be flat. Com-
pared with the developed M-W model, L-P model obviously over-
estimated the diffusivity. This overestimation may be resulted from
the relative stability of pore space after water absorption due to
the low contents of clay minerals within the tested specimen. The
diffusivity calculated by the developed M-W model is closest to
that obtained by the Generalized Fickian law when the normalized
water content is larger than 0.2 mm3mm~3. It means that the de-
veloped M-W model can better describe the anomalous diffusivity
phenomenon on non-Boltzmann scaling.

Moreover, the successful application of neutron radiography in
real-time monitoring of the diffusion process of water in cracked
sandstone offers a feasible and more reliable way for characteriz-
ing fluid migration in others porous media material. The developed
W-M model, which consider the time exponent, also provides a
convenient manner to quantitatively define and model the diffu-
sivity.
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