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The temporal permeability and damage evolutions of low-permeability sandstone cores during triaxial and long-term dissolution
experiments were measured using a triaxial-flow system. Three triaxial experiments were performed on sandstone cores having
initial permeability ranging from 78 × 10−18 m2 to 120 × 10−18 m2. Two sets of long-term dissolution experiments were
conducted on cracked sandstone cores. All dissolution experiments were performed at room temperature and using a 10 g/L
H2SO4 and 0.2 g/L H2O2 input solution. Permeability evolution was determined using Darcy’s law. The cores experienced an
average increase of 25% in permeability in the dissolution experiment and 900%~1500% increase at the end of the experiment.
The dissolution was fairly homogeneous during the long-term experiments whether on the 1mm scale or the 10μm scale. The
relationship between damage and permeability was speculated and its correlation coefficient has been proved to be close to 1.
These results suggest that hydraulic fracturing works well in permeability increase in low-permeability sandstone reservoir.

1. Introduction

Resource exploitation and engineering construction are influ-
enced by the mechanical properties of rocks/soils [1–3].
Therefore, in some cases, their mechanical properties need to
be changed according to requirements for exploitation [4–6].
How to increase the permeability of orebody artificially is the
research front on many scientific topics such as petroleum
engineering [7, 8], oil and gas storage [9–11], and in situ leach-
ing mining.

Sandstone-hosted uranium deposits refer to the epigenetic
and post exogenic deposits generated in sandstone, glutenite,
and other clastic rocks. It is one of the earliest discovered
and themost widely distributed uranium deposits in the world
[12]. Those fine qualities of sandstone-hosted uranium
deposits such as, for instance, medium-grade ore with a gen-
eral value of about 0.1%~0.2%, high-quality ore, and stable
occurrence, contribute to its great industrial value. Economic
benefits of the deposits could be greatly improved by utilizing
in situ leaching mining [13]. Low-permeability sandstone res-
ervoir accounts for more than 50% of total reserves. However,
the physical properties of low-permeability sandstone, like

developed microfissures, narrow pore radius, and small flow
path, will lead to significant abrupt change in permeability in
engineering process. Permeability is one of themost important
evaluation criteria of exploitation and financial performance.
Therefore, the permeability evolution in consolidated sand-
stone in engineering project is a research of great practical
significance and requiring further study.

Many scholars have studied the permeability evolution of
sandstone under different conditions. Lufeng et al. intro-
duced a method to quantitatively evaluate the core perme-
ability damage from a macroscopic perspective [7]. Liu
et al. conducted an experiment to explore the gas porosity
and permeability variation of sandstone at different levels of
water saturation in loading-unloading cycles [14]. Odumabo
investigated the fracturing fluid leakoff in low-permeability
sandstones [11]. Zeng designed a simulation experiment for
gas migration and accumulation in natural consolidated
sandstone [15]. Fu et al. tried to explore the stress depen-
dence of the absolute and relative permeabilities of some con-
solidated sandstones [9]. Wojtacki et al. presented a
numerical method for estimating the stiffness-to-porosity
relationships for evolving microstructures of Fontainebleau
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sandstone [16]. These studies provide part of the theoretical
basis for permeability evolution in low-permeability sand-
stone reservoir. In addition to the influence of engineering
projects, the degradation of rock caused by leaching solution
would also affect the permeability evolution in sandstone.
Colón investigated the effect of dissolution on sandstone
permeability, with the solution of NaOH (pH=11.4) [17].
Mecchia et al. developed a hybrid model to estimate fracture
karstification in quartz sandstone [18]. McKinley et al. calcu-
lated how porosity and permeability vary spatially with grain
size, sorting, cement volume, and mineral dissolution in
fluvial Triassic sandstones [19]. These studies have signifi-
cant insights into the permeability evolution in sandstone
under various states. At present, relatively few studies have
explored long-term permeability evolution in sandstone
during physicochemical processes. However, the long-term
chemical reaction between leaching solution and acid soluble
minerals in sandstone [20] will reduce strength and increase
the permeability considerably [21].

The objectives of this study are to explore the permeabil-
ity evolution and evaluate the damage caused by chemical
reaction together with hydraulic fracturing, using triaxial
experiment and SEM analysis. We establish a model and
derive the equations to describe the relationship between
damage and permeability in triaxial experiment and dissolu-
tion experiment.

2. Materials and Methods

2.1. Core Sample Preparation. Sample preparation is very
important in the research process, which determines the reli-
ability of the final results. The core samples were collected
from the core of No. PD03 borehole in 2# stope of a uranium
mine in Northwest China. The deposit is in the south of the
Ili basin, the tectonic position of which is the east of the Ili
microplate sandwiched by the Kazakhstan plate and the
Tarim plate. The uraniummetallogenic region is divided into
two parts: the “roll” and the “tail.” The “roll” part is
45m~205m in length and relatively stable. The ore body is
mainly composed of medium-coarse-grained and medium-
fine-grained sandstone, most of which are grey, dark grey,
and black grey. Clastic materials account for about 84.2% of
the ore, while silty clay is about 15.77%. The main compo-
nents of the clastic materials are quartz (51%~79%), cuttings
(8%~20%), and feldspar (5%~15%). There is no easily-
dilating montmorillonite in clay. The accessory minerals
and authigenic minerals are mainly titanite (0.48%), pyrite
(0.35%), limonite (0.22%), and pitchblende (0.18%). The
effective porosity of the sandstone-hosted uranium ore is
12.2-13.1%, the main components of which are 76.38%
SiO2, 11.87% Al2O3, and 1.45% Fe2O3, as well as trace
amounts of MnO, MgO, and CaO. Insoluble or difficultly
soluble minerals account for 95.3% of the ore, and soluble
minerals account for 1.5%~5.5%.

Refer to the rock mechanics standard GB/T50266-2013,
the core samples are cylindrical cores with a diameter of
50mm and a length of 100mm. The diameter error of the
core sample is no more than 0.3mm, and the vertical devia-
tion between the end face and the axis of the core sample is

no more than 0.25°. Typical core samples are shown in
Figure 1. All the core samples were weighed up and recorded
at first. Put all the core samples into drying oven and keep
constant temperature drying at 105°C for 24h. Take out the
core samples and put them into a desiccator until they cool
to room temperature. Record weight of every core sample,
and duplicate the above steps until the D value of two adja-
cent weight records is no more than 0.1% of the last record.
Put all the dried core samples into the vacuum saturation
device, and make sure they are completely submerged in
water. Set vacuum pressure as 100 kPa, pumping air for at
least 6 h until no bubbles escape from water. Then, keep the
core samples at atmospheric pressure in the vacuum satura-
tion device for another 4 h. Make sure each core sample is
fully saturated with water [22–27].

2.2. Experimental Method. TAW-2000 was utilized in exper-
iments conducted in this study; it is a triaxial pressure-
seepage system, as shown in Figure 2. The instrument can
provide a maximum axial load of 2000 kN and a maximum
confining pressure of 80MPa. The measurement range of
radial and axial displacement is 0~4mm and 0~8mm, and
the resolution of pressure measurement is 1/180000. The sys-
tem is equipped with a full digital servo controller, oil pump,
and water pump that independently control axial pressure,
confining pressure, and hydrostatic pressure. The axial strain
is measured by the axial extensometer and linear variable
differential transformer (LVDT), and the radial strain is mea-
sured by four radial strain gauges fixed to the center of the
core sample, the measurement accuracy is ±0.5% FS. All
displacement, stress, and strain data are displayed on the
computer control system in real time [6, 28–42].

This experiment is divided into two main parts. In the
first one, various confining pressure triaxial experiments
were conducted. First, the saturated core sample was placed
in the cylindrical chamber as shown in Figure 2 with confin-
ing pressure Pc (5MPa, 10MPa, and 15MPa) and pore
pressure Pp (4MPa). The axial displacement increased at
0.02mm/min until the ultimate strength was reached; the
computer automatically recorded all the data including axial
strain and circumferential strain. The purpose of part one is
to gain an improved understanding of the permeability evo-
lution of sandstone in triaxial experiment. In the second
one, we conducted long-term flow experiments for 12 days.
Two groups of saturated core samples were prepared, and
each group contains eight core samples, similar to the first
part except for confining pressure Pc which remained
5MPa in both groups at first. The axial pressure stopped
increasing and remained constant as soon as it reached ulti-
mate strength. Core samples in group two were flooded with
solution prepared before, while those in group one were
flooded with double-distilled water as a control group. The
input solution was pumped into the cell at a constant fluid
flow rate until a stable differential pore pressure was
achieved. Input solution for group two was prepared from
reagent grade H2SO4 diluted in double-distilled water and
concentrated reagent-grade H2O2 to produce a solution
(10 g/L H2SO4 and 0.2 g/L H2O2). Record permeability every
12 h for both groups. Pore pressure increased from 4MPa to
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6MPa on the 6th day. The purpose of part two is to investi-
gate permeability evolution of sandstone in dissolution
experiment after it reaches ultimate strength, thus providing
feasibility assessment in permeability increase in low-
permeability sandstone reservoir.

The steady-state method could be used for the measure-
ment of rocks with relatively high permeability. According
to Darcy’s law, the permeability of the core sample could be
calculated by measuring the liquid volume of the core sample
in a period of time. The calculation method is as follows:

k = QμL
ΔpA

, ð1Þ

where Q is the liquid flow rate per unit time, μ refers to
viscosity coefficient of liquid, Δp represents pore pressure dif-
ference at both ends, A is cross-sectional area, and L is length
of core sample.

The temporal porosity change during the dissolution of a
sandstone core can be evaluated from the total soluble min-
erals removed by the reactive fluid in accord with

ϕt = ϕ0 +
Vm

Vcore
Q
ðt
t=t0

ΔCminedt, ð2Þ

where ϕt represents porosity of the core at time t, ϕ0
refers to the initial core porosity, t0 denotes the time at the
beginning of the experiment, Vm is molar volume of soluble
minerals, and Vcore denotes the total core volume. ΔCmine
refers to the difference in soluble minerals molal concentra-
tion between the inlet and the outlet solutions at steady-state,
and Q corresponds to the mass flow rate of the reactive fluid.

Many equations aimed at estimating the permeability
evolution of porous materials are based on permeability/por-
osity correlations. A commonly used correlation is expressed
as follows:

k = k0
ϕ

ϕ0

� �n

, ð3Þ

where k0 stands for the permeability at the beginning of the
dissolution experiment at an initial porosity of ϕ0. The expo-
nent n is a constant, which is usually 2 or greater. It can be
obtained by a curve-fitting procedure.

3. Results and Discussion

After the test, data analysis can be carried out, which is an
important work in studies [5, 28, 43–59]. The temporal evo-
lution of permeability and mechanical property during the
various confining pressure triaxial experiments performed
in TAW-2000 is illustrated in Figure 3. Three core samples
experienced an initial permeability decrease followed by a
continuous permeability increase during the experiments,
which are attributed to fracture propagation. Permeability
decreased along with pore throats size at the beginning of
the experiment. Then, plastic deformation under dynamic
loading in the core sample contributes to the occurrence of
fractures, and volumetric strain began to decrease. The over-
all permeability increases during the experiments for samples
1, 2, and 3 in part one, which had initial permeability of 95 ×
10−18 m2, 87 × 10−18 m2, and 82 × 10−18 m2, were 1500, 1000,
and 900%, respectively. These different permeability increase
rates are attributed in the present study to the confining pres-
sure. For example, the permeability of core sample 1 increases
at a faster rate than the other two core samples, which may
stem from the relatively low confining pressure.

Mechanical properties of rock in triaxial experiment such
as elastic modulus, deformation modulus, and Poisson’s ratio
are different from those in uniaxial experiment. The elastic
modulus E and Poisson’s ratio μ can be expressed as follows:

E = σ1 − 2μσ3
ε1

,

μ = Bσ1 − σ3
σ3 2B − 1ð Þ − σ1

,

B = ε3
ε1
,

ð4Þ

where σ1 stands for axial stress, σ3 represents confining
pressure, and ε1 and ε3 refer to axial and circumferential
strain.

The volume strain of rock could not be measured
directly in triaxial experiment, and hence, it is approxi-
mately expressed by the following formula:

εv = ε1 + 2ε3, ð5Þ

where εv designates volume strain and ε1 and ε3 rep-
resent axial and circumferential strain, respectively.

The circumferential strain can be regarded as the combi-
nation of two parts, namely elastic volume strain and the
plastic strain result from rock failure. The elastic volume
strain is shown as follows:

εe2 =
1 − 2μ
E

σ1 + 2σ3ð Þ: ð6Þ

Figure 1: Typical sandstone core samples.
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By subtracting the elastic volume strain from the total cir-
cumferential strain, the plastic strain result from crack εc2,
which reflects the propagation of axial crack, could be
obtained, as follows:

ε3 − εe3 = εc3: ð7Þ

It can be seen from Figure 3 that there is a correlation
between the crack circumferential strain and permeability.
At the beginning of the experiment, microcracks in the core
sample disappear and no new cracks grow. The increase of
volume strain mainly stems from elastic deformation. There-
fore, almost all circumferential strain is elastic strain, and the
crack circumferential strain was almost nonexistent. The
increase of elastic strain corresponds reasonably well with
the small decline in permeability. As axial stress increases

and reaches the yield strength and ultimate strength, cracks
begin to grow and coalesce until they merge into a sliding
surface and cause rock failure. Crack circumferential strain
increases rapidly at first and then shows no more change.
Volumetric strain experiences a parabolic growth and the
new fractures dramatically increase the permeability. The
temporal evolution of permeability and crack circumferential
strain are not synchronized; in general, the increase of per-
meability lags behind that of crack circumferential strain.

In the second part of the experiment, we conducted a
long-term dissolution experiment to explore the temporal
evolutions of permeability; we recorded permeabilities of 2
groups every 12 hours for 12 days. Results in long-term flow
experiments are illustrated in Figure 4.

It can be seen in Figure 4(a) that most core samples expe-
rienced a decrease in permeability at the beginning except for

(a)

Axial
pressure Seepage

system

Computer
system

Confining
pressure

Fuel
tank

Control
cabinet

(b)

Figure 2: High temperature and high-pressure triaxial system. (a) Physical photograph. (b) Schematic diagram.
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Figure 3: Continued.
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core sample W02, and a 15% decrease is achieved in core
sample W08. Permeabilities of all cores tended to remain
constant in about 48 hours and 72 hours. The decrease may
stem from the tiny rock fragments that blocking the pore
throats, which at the same time prevent the pore throats from

closing completely. Pore pressure changed from 4MPa to
6MPa on the 6th day, most core samples experienced a
slightly increase except for core sampleW06. This substantial
permeability growth may stem from the rock fragments
redistribution in fractures and pore throats.
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Figure 3: Temporal evolution of permeability and mechanical property during the various confining pressure triaxial experiments. (a) 5MPa.
(b) 10MPa. (c) 15MPa.
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Figure 4: Temporal evolutions of permeability during the sandstone long-term dissolution experiments performed during the present study.
(a) Group 1. (b) Group 2.
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The permeability evolution as a function of time during
the long-time core dissolution experiment can be assessed
with the aid of Figure 4(b). An overall average increase of
17% in permeability can be observed in the first part of the
experiment, the largest increase is 26% and the smallest is
9%. Permeabilities of most cores tend to remain constant
within 90 hours at most, including some short-term fluctua-
tions in core samples L08 and L03. Pore pressure changed
from 4MPa to 6MPa on the 6th day; all cores experienced a
slight permeability increase from 3% to 13%.

The variations of measured permeabilities of group 2 are
compared with those of group 1. At the end of the experi-
ment, core samples of group 2 experienced a large permeabil-
ity increase, which ranges from 18% for core sample L03 to
33% for core sample L05. Group 1 has an average increase
of 5%, and permeabilities of core sample W03 and W05 are
almost the same as its beginning separately.

Two conclusions can be drawn from the observations
above. First, permeability evolution of cracked core sample
during the long-term dissolution is affected by various fac-
tors, including location and direction of fractures and pore
throats, tiny rock fragments, and pore pressure. These var-
ious factors can cause uncertainty in permeability increase.
Secondly, dissolution can lead to an average increase of
25% permeability among cracked core samples.

Carlos et al. [17] conducted a long-term dissolution
experiment of four Fontainebleau sandstone cores. Photomi-
crographs were taken of the full cross section of core sample 3
before and following the percolation experiments. Represen-
tative examples are illustrated in Figure 5.

This grain dissolution experiment was performed in a
0.1mol/kg NaOH aqueous solution. The initial porosity of
the core ranged from 7.03 to 8.63%, whereas those of the
postexperiment ranged from 13.2 to 15.8%. It can be seen
that quartz grain size and porosity distribution appear to be
homogeneous on the 1mm scale.

Yao et al. [28] explored permeability characteristics of
sandstone in different chemical solutions. The SEM graphs
of samples are illustrated in Figure 6.

This dissolution experiment was performed in 6 g/L
H2SO4 acid solution (pH=2). It appears that the surface of
the sample was generally smooth on the 10μm scale before
the dissolution, whereas the asperities of the postexperiment
suggest the chemical reactions between acid and sandstone.
Loads of pores and pore throats appeared on the surface,
and the gap opening increases because the tiny fragments
attached to the surface may slide down as the solution flows.
The permeability increase may stem from the reasons men-
tioned above.

Several conclusions can be drawn from these observations.
First, as all reactive fluids were the same temperature, pH, and
H2SO4 concentration, and all core samples were fully satu-
rated with water initially, these different permeability increase
rates are attributed in the present study to the distinct fracture
propagation and pore throats of each core sample. Secondly,
the dissolution was fairly homogeneous during the long-
term experiments whether on the 1mm scale or the 10μm
scale. Thirdly, permeability increase stem from both the mac-
roscopic fracture propagation and microscopic dissolution.

We consider the overall change of rock as damage to help
describe the evolution of permeability during rock failure and
dissolution. In order to describe the relationship between
damage and permeability, we introduced a damage model
and strength criterion for rock in triaxial experiment. Based
on Terzaghi formula and hypothesis of strain equivalence,
the effective stress tensor σe in joint action of rock failure
and dissolution is defined as follows:

σe =
�σ − pwδ
1 −D

, ð8Þ

where �σ refers to stress tensor, pw represents pore pres-
sure, δ is unit second-order tensor, and D represents degree
of damage in rock materials. The degree of damage is related
to the number and size of pores, pore throats, and fractures in
rock materials, which directly affect the strength and perme-
ability of rock. It is assumed that the strength of microele-
ment in rock materials follows the power function
distribution, and its probability density function is

P Fð Þ = m
F0

F
F0

� �m−1
: ð9Þ

m, F0 is the parameter in the distribution function which
could be obtained by fitting of experimental data.

D =
ðF

0
P xð Þdx = F

F0

� �m

, ð10Þ

where F ≥ 0. The three-dimensional constitutive relation
of strength of microelement following normal distribution
could be obtained.

σ1 = Eε1 1 − F
F0

� �m� �
+ μ σ2 + σ3ð Þ: ð11Þ

where E, μ refers to elastic modulus and Poisson’s ratio of
rock, respectively, ε1 represents axial strain, σ1 is axial stress,
and σ2 and σ3 are confining pressure.

According to the generalized Hooke’s law, the relation-
ship between the axial elastic modulus and Poisson’s ratio
of rock in triaxial experiment is as follows:

ε1 =
1
E

σ1 − μ σ2 + σ3ð Þ½ �: ð12Þ

Combined with the formula mentioned above, the stress-
strain relationship of rock in seepage-triaxial experiment
could be obtained:

σ1 = Eε1 1 −Dð Þ + 2μσ3 + 1 − 2μð Þpw: ð13Þ

Loads of experimental results show that Mohr-Coulomb
criterion satisfies the yield and failure characteristics of rock
materials. However, the yield surface in the main stress space
is a hexagonal pyramid with a sharp tip, which makes it quite
difficult to calculate, and the effect of pore pressure is not
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considered. The yield criterion proposed by Drucker and
Prager contains the effect of pore pressure, and its yield sur-
face is a circle tangent to the hexagon in Mohr-Coulomb cri-
terion. This criterion is as follows:

f σð Þ = α0I1 +
ffiffiffiffi
J2

p
, ð14Þ

where I1 is first invariant of stress tensor

I1 = σ1 + σ2 + σ3: ð15Þ

J2 is the second invariant of deviatoric stress

J2 =
1
6 σ1 − σ2ð Þ2 + σ2 − σ3ð Þ2 + σ1 − σ3ð Þ2� �

,

α0 =
sin φffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9 + 3 sin2φ
p :

ð16Þ

φ is the angle of internal friction.

(a) (b)

Figure 5: Photomicrographs of core sample 3 in research of Carlos et al. (a) before and (b) following its dissolution.

(a) (b)

Figure 6: SEM graphs of sandstone core samples in research of Yao et al. (a) before and (b) following its dissolution.
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Before the experiment started, the initial strain ε0 due to
confining pressure is expressed as follows:

ε0 =
1 − 2μ
E

σ3 − pwð Þ: ð17Þ

The experimentally measured axial strain εt plus the ini-
tial strain is the total strain ε1

ε1 = ε0 + εt: ð18Þ

Based on the above formulas, the functional relation
between stress and damage can be obtained:

σd = 1 − 2μð Þ σ3 − pwð Þ + Eεt½ � 1 − F
F0

� �m� �

+ 2μ − 1ð Þσ3 + 1 − 2μð Þpw:
ð19Þ

Transform the above formula as follows:

D = F
F0

� �m

= Eεt − σd
Eεt + 1 − 2μð Þσ3 − pw

: ð20Þ

According to the above formula and experimental data,
the permeability and damage evolution is shown in Figure 7.

It can be seen from the figure that, at the beginning of the
experiment permeability decreased slightly, while damage
almost remained constant. This suggests that the opening
of pores and pore throats decreased and few fractures were
generated in this period. Then, damage started to increase
while the evolution of permeability varies according to con-
fining pressure. Core sample 1 experienced a synchronous
increase of permeability and damage, while permeability
increases of core sample 2 and 3 lag behind their damage
increase, respectively. This may stem from the fact that once
the new fractures generated inside the core sample, gap open-
ing tended to decrease or be gone in a short time due to con-
fining pressure.

According to the evolution of permeability and damage
in the first part of the experiment, it can be speculated that
the damage has an exponential relationship with permeabil-
ity. A hypothesis of the relationship between damage and
permeability was made as follows:

K = exp a + bD + cD2	 

, ð21Þ

where K is permeability, order of magnitude is 10-18, D
refers to damage, and a, b, and c are undetermined parame-
ters. An exponential function curve-fitting procedure is con-
ducted, as shown in Figure 8.
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Figure 8: Fitting curve of the relationship between damage and permeability. (a) Confining pressure is 5MPa. (b) Confining pressure
is10MPa. (c) Confining pressure is 15MPa.
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The results show that the relationship between damage
and permeability remained exponential before permeability
reaches a maximum value. The average correlation coeffi-
cient of each fitting curve is 0.972, and the highest value is
0.99653, which indicates that the fitting function correlates
well with the experiment data. Once the permeability reaches
the maximum value, with the continuous increase of axial
strain, the closing of the sliding surface will lead to the
decrease of permeability and the increase of rock damage
continually. In real engineering practices, the cost and time
to conduct large and long-term experiment to evaluate the
geological parameters tend to be very high. In this paper,
we establish the damage model and verify the hypothesis of
the relationship between damage and permeability. Thus,
by conducting a series of experiments, the permeability evo-
lution of sandstone rock could be obtained. The derived
equations could save loads of time as well as cost.

4. Conclusions

In this study, the core sample of a Uranium mine in North-
west China and TAW-2000 high-temperature and high-
pressure triaxial experiment system developed by Wuhan
University of Science and Technology were used. The exper-
iment was divided into two parts; in the first part, we
explored the temporal evolution of permeability and
mechanical property in triaxial experiment with different
confining pressure; in the second part, long time dissolution
experiment was conducted; we established the relationship
between damage and permeability and evaluated the correla-
tion coefficient. Several conclusions are made:

(1) Permeability evolution of cracked core sample during
the long-term dissolution is affected by various fac-
tors, including location and direction of fractures
and pore throats, tiny rock fragments, and pore pres-
sure. These various factors can cause uncertainty in
permeability increase. Dissolution can lead to an
average increase of 25% permeability in the second
part of the experiment

(2) An average increase of 900%~1500% on permeability
was observed in core samples at the end of the exper-
iment, which indicates that hydraulic fracturing
using solution works well in permeability increase
in low-permeability sandstone deposit. Joint action
of hydraulic fracturing and chemical reaction ensures
that permeability increases in a reasonable interval

(3) As all reactive fluids were the same temperature, pH,
and H2SO4 concentration, and all core samples were
fully saturated with water initially, the different per-
meability increase rates are attributed in the present
study to the distinct fracture propagation and pore
throats of each core sample. According to the previ-
ous research and SEM graphs, the dissolution was
fairly homogeneous during the long-term experi-
ments whether on the 1mm scale or the 10μm scale.
Therefore, permeability increase stem from both the

macroscopic fracture propagation and microscopic
dissolution

(4) The function between damage and permeability
works well in predicting permeability evolution
before it reaches the maximum value. It provides a
way for low-permeability sandstone deposits to eval-
uate the effect of permeability increase with less
experiments and investment.
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