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Abstract

UF cracks in rock masses commonly occur due to the unloading effect, which constantly happens after the variation of in-situ stress
field or rock excavation. To study the effect of changes in moisture on rock samples with UF cracks, clay-bearing sandstone from
the Triassic Badong group in the Three Gorges Reservoir Area were chosen and investigated. The rock samples with UF cracks are
obtained by conducting triaxial unloading confining pressure experiment. The effect of wet-dry cycles on the UF cracks, morphology
properties and microstructural features of the UF surface was investigated. The characteristics of particle-size uniformity from the
sieve test were obtained by the calculation of RMS of particle contents. The test results show that UF cracks widen significantly and
the disintegrated mass increases rapidly in the first three wet-dry cycles, while the fractal dimension of UF surface decreases sharply,
but afterwards the disintegrated mass changes gently and the UF surface tends to be flat and smooth. Then, the RMS calculation of
particle contents quantitatively evaluate the clay-bearing sandstone’s disintegration properties, which indicate the particle uniformity
plays a key role on its disintegration mechanism. Finally, we found that the microstructure of samples from FD group is looser and
porous than those from SD group by SEM test. This investigation, considering the similar clay mineral content of all tested samples,

demonstrates the closed link between the grain size distribution, microstructural features and the degree of disintegration.
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1 Introduction
As a typical failure phenomenon, unloading failure of rock
mass often occurs during a long-term stage due to the varia-
tion of in-situ stress field [1] or in a fast way in the rock exca-
vation of bank slopes, dam foundation or tunnels. In this
failure process, lots of ruptured rock mass appear due to
the unloading effect [2—6], which means various scales of
cracks initiate, propagate and coalesce, from nano-level
or micro-level to macro-level. In Three Gorges Reservoir
Area of China, many rock-based engineering structures
have to face the cyclic wet-dry conditions due to yearly rise
and fall of reservoir water level between 145 and 175 m [7].
Therefore, it is also an important topic to study the effect of
water-rock interaction on this kind of ruptured rock mass.
In recent years, a series of active exploration and
research at home and abroad have been conducted on the
influence of wet-dry cycles on rock deterioration or even

disintegration [8—13]. Some scholars have found that the
speed and degree of clay-bearing rocks disintegration are
closely related to their clay contents [14], grain-size dis-
tribution [15-16] and microstructural features [17-19] as
well. More importantly, it has been found that the deteri-
oration of rock mechanical properties, such as attenuation
of strength and the increase in deformation of rock masses
which are caused by alternating action of wet and dry con-
ditions are mainly from their original defects [20—22].
Therefore, in this research, for a better understanding
of the effect of wet-dry cycle on ruptured rock masses, the
clay-bearing sandstone samples from the Triassic Badong
group in the Three Gorges Reservoir Area are selected to
perform related tests. Firstly, triaxial unloading confining
pressure tests are conducted to simulate the unloading fail-
ure and obtain the UF cracks. Then the disintegration tests
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are carried out with 9 wet-dry cycles to quantitatively ana-
lyze the deterioration law of clay-bearing sandstone and its
disintegration mechanism under cyclic wet-dry conditions.
During the tests, variations in UF cracks and morphol-
ogy of the UF surface after undergoing different wet-dry
cycles have been described and measured, and the charac-
teristics of particle size distributions and microstructures
of the clay-bearing sandstone are analyzed. On this basis,
the deterioration characteristics and disintegration mech-
anism are discussed under the cyclic wet-dry conditions.

2 Materials and methods

2.1 Sample material

Clay-bearing sandstone were collected from the Three
Gorges Reservoir Area for this research. To prepare rock
samples for unloading confining pressure test, the sam-
ples were polished, cut and processed into cylinder with
50 mm in diameters and 100 mm in height according to the
International Society for Rock Mechanics (ISRM 1981).
Then, visual examination and ultrasonic testing of rock
samples were performed and those with relatively weath-
ered degree and wave velocity (Table 1) were selected as
the experimental rock samples (Fig. 1). Under the help of
X-ray diffraction, the mineral component of tested sam-
ples is obtained and shown in Table 2, which indicates
that the mineral component and content of different sam-
ples are also relatively close. By extension, three samples
from the same group have been chosen to conduct uni-
axial compression test, and the results of them are very
consistent, so the average value of mechanical parameters
are shown in Table 3. The effect of mechanical parameters
on disintegration of rock mass has been widely discussed
on the basis of laboratory tests [23—24]. As consequence a
complete understanding of the effect of mechanical prop-
erties on disintegration of rock mass existed, which in turn
provide the research foundation for this paper.

Table 1 P-wave velocity of tested samples (m/s)
Sample.no 2 10 62 13 52 56
P-wave velocity (m/s) 1496 1697 1470 1593 1657 1534

Fig. 1 Tested rock samples

Table 2 Mineral content of tested samples (%)
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Table 3 Mechanical parameters of samples
Mechanical Uniaxial Elastic Poisson's
parameters compressive modulus/GPa  ratio
strength/MPa
The average value  39.39 7.36 0.41

2.2 Experimental procedure
In order to obtain samples with unloading failure cracks,
we performed the unloading confining pressure test in the
laboratory. The unloading point for the confining pressure
in the triaxial unloading tests was set as 49 MPa, which is
70 % of the triaxial strength, and the axial loading method
was changed from displacement control to loading control
at the unloading point, the initial confining pressures were
12 MPa, respectively. The entire stress-strain curves and
failure mode of tested samples are shown in Fig. 2. It is
evident that the failure mode is mainly shear mode and the
failure strength is basically the same for different tested
samples, except no.52 sample.

While for the normal strain of all tested samples, we can
see that the pre peak strain of tested samples show similar
trend, however, post peak strain behavior of samples are
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Fig. 2 Failure mode of unloading confining pressure test on specimens



different, especially for no.2 and no.62 samples. As Adachi
said in [25], the whole stress-strain curve can be divided
into two stages: the strain hardening stage before peak
strength and the strain softening stage after peak strength,
and it can be seen that the major difference of tested sam-
ples occurs at strain softening stage, no.2 and no.62 sam-
ples undergoes larger strains before failure. Generally
speaking, the difference of stress-strain curve is possibly
formed due to the type of material, size of the sample and
stiffness of the testing machines, while in our research,
these reasons can be ignored, that is to say, we can pre-
sume that this difference is probably related to the particle
size distribution, because when the peak strength is up to
about 50 MPa, particles are apt to crush along with fail-
ure surface formation, which means the bigger the particle,
the larger the strain before failure. This speculation will be
verified in Section 3.3.

Then, the wet-dry cycles were carried out on rock sam-

ples with UF cracks by executing the following steps.

1. Samples were submerged into a vacuum-saturated
pressurized apparatus to absorb water for 24 h and
then oven-dried at 110 °C for 24 h, which can effec-
tively accelerate the wet-dry cycle process and sim-
ulate the water-weakening effect and rapid weath-
ering under high temperature. Rock samples were
subjected to a maximum of 9 cycles, which leaded to
the entire disintegration of no.2 sample.

2. At the end of each drying process, the morphology
features of unloading failure surface were tested by
using ST400 device to figure out the effect of water
on morphology structures of specimens. The scan-
ning field of UF surface is shown in Fig. 3. During
scanning process, the scanning parameters include:

Fig. 3 Diagram of 3D scanning field
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step size 0.1 um, speed 20 mm/s, scope in vertical
direction 27 mm, resolution of direction measure-

ment 2 nm, and ST400 device is shown in Fig. 4.

3. After undergoing each wet-dry cycle, sieve tests
were performed in order to analyze the slake dura-
bility characteristics and the variation of grain-size
distribution. First, the amount of clastic materials
larger than 2 mm in size is commonly considered
as the remaining sample [26—27], so the rock's mass
loss ratio P can be adopted as a good indicator to
describe the degree of disintegration and calculated

as the following equation (Eq. (1)):

=20 100%, M
m,

where P, is the rock's mass ratio of cumulative loss of
dry rock mass after each wet-dry cycle to the origi-

nal rock mass, m is the original dry rock mass, and
m, is the dry rock mass after each wet-dry cycle.

When the range of particle size is less than 2 mm,
the sieve sizes of 2 mm, 1 mm, 0.5 mm, 0.25 mm,
0.1 mm and 0.075 were chosen to describe the vari-
ation of grain-size distribution for determining the
particle size uniformity of tested samples, which is
useful data to evaluate the effect of grain contacts on
the physical disintegration characteristic of rock sam-
ples [28-29]. In this study, all the particle contents of
grain-size less than 2 mm can be obtained after 9 wet-

dry cycles, they are named asz,z, .,z .,z  andz

12 70.5% 70.25> 70.1 0.075°
which indicate that the particle size ranges from 1 mm
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©
Fig. 4 ST400 device: (a) scanning platform, (b) software interface,

(c) sample fixation
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to2mm, 0.5 mmto 1 mm, 0.25 mmto 0.5 mm, 0.1 mm
to 0.25 mm and 0.075 mm to 0.1 mm, respectively.
Finally, the RMS of particle contents is adopted to
describe the particle size uniformity of rock samples,
which can be calculated as follows (Eq. (2)):

2 2 2 2 2
Rp = \/(Zl tZos +Zpps 20, +Zo.075) /5. (2)

4. To analyze the effect of wet-dry cycles on micro-
structure of clay-bearing sandstone, all the remain-
ing mass of tested samples were used to conduct
SEM test at Geological and Environmental Institute
of China University of Geosciences (Wuhan). The
distribution of cracks and pores can be observed and
porosities calculated as important factors reflecting
the disintegration characteristics of rock samples.

3 Experimental results

3.1 UF cracks development during wet-dry cycles

In order to study the effect of the wet-dry cycles on the
rock structure, visual observations were made after each
cycle to obtain the UF cracks progress. It was found that
the clay-bearing sandstone samples had the tendency to
widen the UF cracks and finally disintegrate due to the
wet-dry cycles. As shown in Figs. 5-10, the UF cracks
rapidly widened and new cracks formed during the first
wet-dry cycle (Figs. 5(b)—10(b)). All the rock samples pro-
gressively disintegrated (Figs. 5(c)—10(c)) as the number of
wet-dry cycles increased.

It is noted that the nos. 2, 10 and 62 sample basically
had an entire disintegration while the nos. 13, 52 and 56
sample only partly disintegrated after undergoing 9 wet-
dry cycles (Figs. 5(d)—10(d)). Thus, it enables us to classify
specimens roughly into two groups: FD group, including
the nos. 2, 10, 62 sample, and SD group, including the nos.
13, 52, 56 sample. To better understand the disintegra-
tion mechanism of two groups of rock samples, a meso-
scopic 3D surface measurement was employed to analyze
the morphology structure of specimens after each cycle.
Moreover, the differences of particle size were obtained
and SEM images were taken after the last wet-dry cycles
for two groups of specimens. All of these have been illus-
trated in the following figures.

3.2 Morphology of UF surface after each wet-dry cycle

Observation of unloading failure surface after each wet-
dry cycle often help us have a better understanding of the
influence of wet-dry cycles on the shape of those measured

Crack widening

Entire disintegration

© (d)
Fig. 5 Changes in the appearance of no.2 sample after (a) 0 cycle,
(b) 1 cycles, (c) 3 cycles, (d) 9 cycles

Partial disintegration

(© (©)
Fig. 6 Changes in the appearance of no.10 sample after (a) 0 cycle,
(b) 1 cycles, (c) 3 cycles, (d) 9 cycles
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Fig. 7 Changes in the appearance of no.62 sample after (a) 0 cycle, Fig. 9 Changes in the appearance of no.52 sample after (a) 0 cycle,
(b) 1 cycles, (c) 3 cycles, (d) 9 cycles (b) 1 cycles, (c) 4 cycles, (d) 9 cycles
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Fig. 8 Changes in the appearance of no.13 sample after (a) 0 cycle, Fig. 10 Changes in the appearance of no.56 sample after (a) O cycle,
(b) 1 cycles, (c) 3 cycles, (d) 9 cycles (b) 1 cycles, (c) 4 cycles, (d) 9 cycles
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zones, which are mainly controlled by the roughness of
the surface, including the size and the shape of the asper-
ities. The sole objective of this research is to quantify the
3D roughness and anisotropy of unloading failure surface
based on 3D surface measurement. Thus, the 3D morphol-
ogy scanning tests are conducted in the measured field
shown in Fig. 3, and it follows that a series of roughness
parameters were obtained and used to describe the mor-
phology of the surface.

In this paper, three roughness parameters [30-31] are
chosen and calculated to illustrate the changes of rough-
ness and anisotropy of surface after undergoing wet-dry
cycles, including the RMS of height Sq, which indicates
the distribution uniformity of surface; the kurtosis coef-
ficient of height distribution S, , which reflect the degree
of flatness of surface; and the texture aspect ratio of sur-
face S, , which represent the degree of anisotropy of sur-
face. It is noted that when the value of S _ is lower than
0.3, we can believe that the surface is anisotropic, while
larger than 0.3, the surface is isotropic. The relationships
between three parameters and the number of wet-dry cycle
for no.10 sample from FD group and no.52 sample from
SD group are shown in Figs. 11-13.

It can be seen from Fig. 11 that the height RMS S, of
each of the two samples decreases as the number of wet-
dry cycle increases, but that of no.10 sample decreases
more sharply after 4 wet-dry cycles, which means the
water erosion has more remarkable effect on the morphol-
ogy of surface of the sample from FD group. Fig. 12 indi-
cates that during wet-dry cycles, the kurtosis coefficient
of height distribution S of no. 52 sample decreases gently
with the increasing of the number of wet-dry cycle, while
for no. 10 sample, drastically decreases after 3 wet-dry
cycles. It is noted from Fig. 13 that the morphology of sur-
face of n0.10 sample basically remains anisotropic during
9 wet-dry cycles, while for no.52 sample, there is a trans-
formation from isotropy to anisotropy after undergoing 9
wet-dry cycles.

Cao et al. [32] have also discussed the fractal dimension
as a parameter describing the morphology features of rock
surface, which indicates the value of fractal dimension of
surface is basically larger by about 1 than that of profile. It
is noted that for both fractal dimension of surface and of
profile, no significant difference in the variation law of the
two parameters for rock samples. Thus, the fractal dimen-
sion of UF surface is obtained in the current research to
present its relationship with the number of wet-dry cycles
for all tested samples, shown in Fig. 14. Similar with the
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aforementioned three parameters, the fractal dimension of
UF surface also decreases as the increasing in the number
of wet-dry cycle.

The data of all tested samples indicate that as the num-
ber of wet-dry cycles increased, the fractal dimension of
UF surface sharply decreased, especially after the first
two or three wet-dry cycles. For example, in the case of no.
2 sample, the fractal dimension of UF surface was as high
as 2.44, then decreased by about 5.32 % after 3 wet-dry
cycles, and finally entirely disintegrated after 5 wet-dry
cycles. Such a dramatically change in the fractal dimen-
sion was closely associated with the water erosion on UF
surface. However, there was no significant decrease for
the fractal dimension in the last five or six wet-dry cycles,
which means that the influence of water erosion on UF
surface slows down in spite of an increased number of
wet-dry cycles.

From the results presented above, we can find that for
the tested clay-bearing sandstone samples during 9 wet-
dry cycles, the effect of water erosion on the morphology
of UF surface is enormous, which makes the surface flat-
ter and smoother, enhances the anisotropy of UF surface.
Moreover, the wet-dry cycle has a greater influence on the
samples from FD group than those from SD group.

3.3 Grain-size distribution results

After undergoing each wet-dry cycle, the rock mass ratio
of cumulative loss of dry rock mass P, is calculated accord-
ing to Eq. (1), and the relationship curves between P, and
the number of wet-dry cycle are obtained and shown in
Fig. 15. With the increasing number of wet-dry cycles, the
percentage of disintegrated mass increased quickly from
the first value of about 10 % to the total for the samples,
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Fig. 15 Rock mass ratio of cumulative loss curves of clay-bearing
sandstone samples under cyclic wet-dry conditions

numbered 2, 10, 62, from FD group, after undergoing
9 wet-dry cycles. Nevertheless, the percentage of the dis-
integrated mass for the samples, numbered 13, 52, 56, from
SD group, increased slowly from 2.43 %, 1.78 %, 0.28 %
to 51.4 %, 29.67 %, 17.51 %, respectively. In view of this,
all the tested samples is in a continuous state to disinte-
grate, and for the samples from FD group, the amount of
clastic materials less than 2 mm changes relatively greatly
only in the first three wet-dry cycles, and after then, the
disintegrated mass slowly increased with the disintegrat-
ing process tending to be stable, finally, the disintegrated
mass basically remains unchanged in the last three wet-
dry cycles. For the samples from SD group, the disinte-
grated mass linearly increases with the increasing number
of wet-dry cycles.

After undergoing 9 wet-dry cycles, the particles of
grain-size less than 2 mm for all tested samples have been
sieved through different size of mesh drum and their par-
ticle contents are calculated to quantitatively evaluate the
particle uniformity of specimens. The sieve results of no. 2
sample are shown in Fig. 16, and the particle contents and
corresponding calculated RMS of particle contents R, as
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Fig. 16 Sieve results of typical tested samples
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Eq. (2) of all tested samples are in Table 4, respectively. To
minimize the disturbance during sieving, the sieve proce-
dure was done manually and any mechanical breakage by
hand was prevented [29].

Based on the particle content results of all tested sam-
ples, it can be seen that for the samples from FD group, the
particle contents with size 0.25~0.5 mm are far larger than
those from SD group. The calculation results of RMS of
particle contents for specimens from FD group vary from
23.01 % to 28.46 %, also much greater than those from SD
group, from 3.25 % to 10.97 % respectively. Therefore, the
parameter, RMS of particle contents, is a good indicator
to describe the particle uniformity of rock samples, which
indicates the degree of particle uniformity of rock mass
decreases with the increasing of RMS of particle contents.

As suggested by Lan [33], the size and number of rock
pores (Fig. 17) between particles tend to increase as the
particle uniformity decreases, here, it is to say that the
larger the RMS of particle contents becomes, the more and
larger the rock pores are. The disintegration mechanism
of rock samples during wet-dry cycles is also sensitive
to particle uniformity due to water [34-35]. As the rock
becomes saturated, the water flows into the rock through
pore structures and dissolves part of the clay mineral
components of clay-bearing sandstone, reducing the grain
cementation, which leads to a decrease of the bearing area
and then a decrease in bearing intensity [12, 36].

Table 4 Grain composition and calculated RMS of all tested samples

Sample no.

Particle 2 62 10 13 56 52
contents (%)

1-2 mm 419 864 241 331 267 159
0.5-1 mm 16.52 1534 1245 729 433 224
0.25-0.5 mm 60.19 50.39 4586 20.81 785 590
0.1-0.25 mm 11.38 12.84 1948 10.21 11.80 3.23
0.075-0.1 mm 2.54 437 203 077 3.09 032

The RMS of particle

contents (R ) 2846 24.63 23.01 1097 687 325

Pores between particles

Fig. 17 Microstructural diagram of rock particle contact

3.4 SEM image analysis and porosity calculation

We conducted a microscopic observation of the SEM images
of tested samples after 9 wet-dry cycles. Considering that
the main purpose of this research is to compare the differ-
ence of pore structure of rock samples from different groups,
Fig. 18 presents the SEM images of the tested pieces of two
groups after undergoing 9 wet-dry cycles (the SEM images
of 500 times magnification are listed, and that of no.2 sam-
ple is not obtained because of its entire disintegration after
9 wet-dry cycles). The SEM characteristics and structures
of the tested samples mainly included pores, cracks, min-
eral particles and fresh surface due to the absorption and
desorption of water during wet-dry cycles. As Fig. 18
shows, the size, shape and distribution of pores and cracks
of rock samples from FD group are obviously more than
that of rock samples from SD group, the microstructures of
rock samples from FD group are muddy and loose, while
rock samples from SD group is neat and dense with some
quartz mineral particles, which suggests that the micro-
structural features have significant differences between the
samples from FD group and those from SD group.

To further quantitatively analyze the pore features of UF
surface after undergoing wet-dry cycles, the 2D average
porosity variation curves of all tested samples under differ-
ent times magnification are obtained by the method of [37],

Sample no.13 Sample no.52

Sample no.56

(®)
Fig. 18 SEM images of samples after 9 wet-dry cycles: (a) samples from
FD group, (b) samples from SD group



and shown in Fig. 19. This figure illustrates that the 2D
average porosity of UF surface is mainly subject to linear
increasing as the RMS of particle contents increases accord-
ingly, which indicates that the microstructure of rock sam-
ples from FD group is looser and porous than those from
SD group after undergoing 9 wet-dry cycles.

These results about element component, UF cracks,
morphology of surface, particle uniformity and micro-
structure feature together imply that the sensitivity of
disintegration to wet-dry cycles differs for the various
rock properties. Thus, the disintegration mechanism of
clay-bearing sandstone will be comprehensively discussed
in the following part.

4 Discussions
Previous studies can reveal a few disintegration charac-
teristics of clay-bearing sandstone during wet-dry cycles:
1. One of the purposes of this test is to assess the influ-
ence of wet-dry cycles on rock mass in association
with engineering activities. Such activities may
include slope and underground excavation, which
commonly lead to the UF cracks. It is found in this
research that the rock breakdown usually starts due
to physical factors such as the existing UF cracks.
The wetting stage can cause UF cracks widening
and new cracks appearing as a result of the sam-
ple expanding during absorption of water, while it
is impossible for samples to return to its original
dimensions during drying stage [38]. Moreover, all
tested samples are distinctly divided into two groups:
FD and SD group according to the degree and speed

of disintegration.
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Fig. 19 Variation law of 2D average porosity with RMS of particle
contents under different times magnifications

Wang et al.
Period. Polytech. Civ. Eng., 64(1), pp. 241-252, 2020 | 249

2. Morphology analysis suggests that the changes in
moisture have an important effect on UF surface.
The fractal dimension of UF surface drastically
decreases in first two or three wet-dry cycles, then
tends to slowly decrease with an increased number
of wet-dry cycles. In terms of two groups of rock
samples, the samples from FD group are more sensi-
tive to water erosion by assessing the three parame-
ters Sq, S,,and S, which depends on the permeabil-
ity, porosity and mineralogy of the rock.

3. The degree and speed of clay-bearing sandstone dis-
integration are subjected to the essential factor: parti-
cle uniformity in the periodic water-rock interaction.
As the rock becomes more saturated, the water flows
into the rock samples through pore structures and
dissolves some of the mineral components, causing a
reduction of capillary tension at grain contacts [12].
For the samples from FD group, a larger RMS of par-
ticle contents indicates a lower particle uniformity,
which contributes to an increase in the number and
size of pore throats and pores, increasing the poros-
ity. The larger proportion of void space of rock sam-
ples from FD group causes a decrease in the bearing
area and then a decrease in bearing intensity, facili-
tate rock dilatancy, which is required for rock dete-
rioration and disintegration. Additionally, it can be
verified that the variation of porosity has negative
correlation with the particle uniformity through the
SEM experimental analysis, which indicates that the
lower the particle uniformity, the higher the porosity.

As many researchers suggested [39-40], clay mineral

contents and the development of initial crack during wet-
dry cycles may have major influences on the deterioration
characteristics and disintegration mechanism. However,
we found that the clay mineral contents of all tested sam-
ple are basically similar in this research, and the UF crack
have only a minor effect on the disintegration mechanism.
This may be due to the fact that the degree and speed of
rock disintegration is closely associated with the rock
pores and the loss of cohesion between particles. Thus, for
clay-bearing sandstone in the current research, the particle
uniformity of rock seems to play an important control over
the slake-durability of the rock samples.

5 Conclusions

The deterioration characteristics and disintegration mech-
anism of clay-bearing sandstone with UF cracks were
investigated by surface morphology measurement, sieve
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test and SEM under cyclic wet-dry conditions. Based on

the test results, the following conclusions can be drawn

from this research:

1. Wet-dry cycles can widen the existing UF cracks to

a level which mainly due to the dissolved clay min-
eral component. Besides, Wet-dry cycles can also
cause the new crack formation, which was promoted
through the weakening of intergranular bonds caused
by the changes in moisture. However, the degree of
disintegration for clay-bearing sandstone has little
relationship with the development of cracks.

. Surface morphology measurement on the tested rock

samples indicates that the fractal dimension of UF
surface decreases gradually under the cyclic wet-
dry conditions. The other three parameters also vary
with the increase of number of wet-dry cycles, espe-
cially sensitive to the rock samples from FD group.
The fact presents that the surface of the rock sample
gets smooth and flat, but anisotropic after undergo-
ing wet-dry cycles.

. Particle-size analysis of the tested samples indicates

that with the increasing number of wet-dry cycles,
the contents of the disintegrated mass increases
gradually, for the rock samples from SD group, but
for the rock samples from FD group, especially with
obvious increment in the first three wet-dry cycles
and inconspicuous increment in the following cycles.
Moreover, the parameter of RMS can effectively
describe the particle uniformity of rock samples,
which play a key role in a relatively rapid and entire
disintegration of rock samples from FD group.
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