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ABSTRACT

As the determinant of thermal propagation velocity and temperature field distribution within rocks, the
effective thermal conductivity is not only influenced by the structure characteristics of medium (e.g. mineral
compositions, porosity and micro cracks), the multiphase flow characteristics (e.g. saturation and water vapor
content), and temperature, but also deeply affected by the multi-field coupling within rock masses. Mudstone
contains non-clay minerals and clay minerals, which split apart from each other owing to the difference in
thermal expansion coefficient. With the aim to analyze the temperature effect on the slaking characteristics of
mudstone during dry-wet cycles, this paper performs the sieving test on air-dry fragments obtained from the
dry-wet cycle test. With a customized test device, three dry-wet cycles are conducted on five samples at 60<C,
90<C, 105<C, 120C and 180<C, respectively. The grains are divided into 4 categories: coarse grains
(d>15mm), medium grains (7mm<d<15mm), fine grains (0.075mm<d<7mm) and particles (d<0.075mm). The
mass percentage, number of fragments, specific surface area and fractal dimension are calculated after the dry-
wet cycle test. The test results show that: the mass percentage of coarse grains decreases but that of medium
and fine grains increases as temperature rises, indicating that higher temperature causes higher fragmentation
and finer grains; the number of medium and fine grains grows, while that of coarse grains increases firstly and
then decreases with the rise of heating temperature, and the fragmentation becomes more obvious after the
temperature reaches 120<C; the specific surface area and the fractal dimension of the samples increase with
the increase of temperature. The difference in mudstone fragmentation is mainly attributed to mineral
composition and pore-fracture structure. The high temperature environment is conducive to mudstone
fragmentation and the dry-wet cycles act as the driving engine of the rapid disintegration of mudstone.
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Fractal Dimension.

1. INTRODUCTION

Rock masses in Southwest China are dominated by inter-
bedded sandstone and mudstone. As the result of deposition
in still water, mudstone is generally composed of clay and
silt-sized particles [1]. Mudstone is relatively stable in
enclosed environments, but when water is drawn into the rock
by the action of strong capillary forces which compress air in
its path, resulting in disruption of the rock [2]. The main
external causes of rock decay are insolation and rainfall;
besides, seasonal weather changes can also lead to
deterioration of rocks [3-4]. Some types of mudstone can
hold together when immersed in water or heated individually,
but will still break apart if subjected to repeated wetting and
drying [5-7].

Mudstone breakage during dry-wet cycles is an energy
dissipation process, in which micro-scale damages are
accumulated into macro-level fragmentation. In this process,
multi-scale defects (joints, fractures, cracks, voids, etc.)
emerge, develop and propagate in rock masses. Good
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statistical self-similarity [8] and fractal property [9-10] are
displayed in the geometrical features of the structural
development and the numerical characteristics of the
evolution of mechanical or physical quantities. At present, the
sieving test, fragmentation analysis and fractal theory are
extensively applied in quantification of the scale distribution
characteristics of rock fragmentation [11-14].

Perfect [10] summarized the fractal models for rock and
soil fragmentation, pointing out that: 1) a set of fractal
algorithms was available for modeling the fragmentation of
classical soil masses, pre-decomposition of porous media and
surface pre-decomposition; 2) a parallel set of fractal
algorithms had been developed for the structural failure of
brittle materials based on the propagation of a single irregular
crack; 3) fractal models for rock and soil fragmentation were
relatively well developed, but were in lack of experimental
verification; 4) fractal models provided both description and
prediction functions. Xie et al. [11] systemically introduced
the application of fractal theory in rock fracturing and
fragmentation, including the micro fracture of rocks, dynamic
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propagation of macro cracks, and fragmentation distribution
of fractured rock masses. Hirata [8] examined the self-
similarity of rock fracture geometry by box-counting
algorithm, revealing good statistical self-similarity (fractal
structure) of the fault fracture systems at the scale of about 2
to 20km. Hecht [15] explored the fractal models for densely
packed non-cohesive rocks, and conducted shear-box
experiments on materials with distinct grain size distributions;
the results showed that fractal mixtures boasted far better
mechanical strength than non-fractal mixtures. Hence, fractal
technologies should be adopted more systematically in
reference to the results of material testing experiments in
engineering geology. Carpinteri et al. [16] evaluated the
impact of fragment size distribution on energy density
dissipation and related size effect, and suggested that
fragments derived from a given specimen appear
geometrically self-similar at any of the observation scales.
Chen et al. [17] probed into the variation of the particle size
distribution in a small watershed under different land uses
and analyzed the effect of the variation on the corrodibility of
purple soil. Hou et al. [18] studied the fragmentation features
of brittle rock at different impact stress or strain rates by
dynamic impact testing, and found that the fractal dimension
increased with the growth of specimen stress and the decline
of dominant fragment size. Wang et al. [19] applied the
fractal geometry theory and MATLAB software to analyze
the fractal characteristics of fracture network of overburden
stratum. The results showed that the overburden failure
evolution was trapezoidal, accompanied with collapse in
formation and fluctuations in fracture height. Ma et al. [20]
revealed that the dominant fracture mechanisms were related
to the grain morphology: the more complex the shape of
grains, the more variable the fracture patterns deviating from
simple vertical splitting.

As listed above, the previous studies are limited to the
characteristics of rock fragmentation under various loads.
However, the failure behavior and fragmentation
characteristics of rock masses are greatly affected by the large
number of natural joints, cracks and other structural surfaces.
Moreover, mudstone is easily weathered and disintegrated
under the sun and rainfall. Under natural conditions, wetting
and drying are known as the main processes responsible for
the physical disintegration of mudstone [21]. The exposure to
dry-wet cycles breaks down the cementing agents of
mudstone, resulting in mechanical erosion [22], and
disintegrates the stone into gravel and sand-sized particles
[23-24]. Temperature is also an important determinant of
physical rock decay. Coupled with moisture, temperature
variations can change the moisture in rocks, especially the
water phase, leading to swelling and shrinking [25], freezing
and thawing [26-27], the loss of easily soluble elements, and
the ultimate deterioration of rocks [28].

Therefore, this paper adopts a customized test device and
an original test method of dry-wet cycles in the experiment,
and carries out the sieving test on rock fragments after dry-
wet cycles, aiming to disclose the effect of different
temperatures on the fragmentation characteristics of
mudstone after dry-wet cycles. The change rules of the
fragmentation distribution, specific surface area and fractal
dimension are discussed based on experimental results.

2. EXPERIMENTAL METHODS

2.1 Dry-wet cycle test
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The experimental materials are typical mudstone sampled
from the mudstone layers of the Suining Formation
(lithostratic unit: Jss) located in Jinfeng District, Chongging,
Southwest ~ China  (29°30'46.05"N,  106°18'55.03"E).
Chonggqing is located where the Yangtze River and Jia-ling
River meet [29]. Figure 1 shows the sampling site. The
sampled region has a subtropical climate, with an annual
average temperature of 18.4<C and rainfall of 1,151.5mm.
Featuring warm climate, plenty rainfall and abundant
sunshine, this region is extremely warm during the rainy
season, resulting in strong and frequent dry-wet cycles under
natural conditions.

[ 3 Chong:}ing
A

Figure 1. Sampling site

As shown in Figure 2, the customized testing device
consists of a container, a thermostat-controlled heating panel
and a water supply and drainage unit. The sample is placed in
the container, and lateral restraints are provided to the sample
by tightening the nuts of the moving steel plate. The heating
panel is in series with a temperature controller, a
thermocouple and a relay. It controls the temperature and
maintains a constant temperature. The drying process goes as:
1) Place the heating panel on the top of the sample and put
the thermocouple atop the sample to detect temperature. 2)
Switch on the power and adjust the temperature controller to
keep the temperature at 60<C; 3) Heat up the sample for 24h
at 60<C; 4) Turn off the power and remove the heating panel.
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Figure 2. Test device
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The dry-wet cycle test is conducted by heating up the
sample with the heating panel, and maintaining the water
supply and drainage through the top-down borehole. Tap

water is used in the experiment at a constant flow of 82.8kg/h.

The purpose of the lab test is to examine how temperature
influences rock fragmentation during dry-wet cycles. During
the five treatments, the temperature is kept constant at 60T,
90<C, 105<C, 120<C and 180T, respectively. The treatment
at each temperature contains three dry-wet cycles.

a) Mudstone samiles at begmnmi of' t.he test.,

('b) ‘Late stage-of mudstone decay -

Beomes

(c) Dried at room temperature .

60°Ce  90°Ce  105°Ce  120°Ce  180<Ce
Figure 3. Photographs illustrating the stages of the rock

sample decay process

In the first treatment, each cycle lasts 32h, involving the
following steps: heating for 24h at 60 “C—water exposure for
8h—heating for 24h at 60°C—water exposure for 8h. The
procedure is repeated for another sample. After the first

treatment, the heating temperature is adjusted to 90<C, 105<C,

120<C and 180T, respectively. Figure 3 illustrates different
phases of the rock fragmentation process.

2.2 Sieving test

After the dry-wet cycles test, the samples are air-dried at
room temperature. The sample fragments are then sieved by 8
sieves, which are 70, 50, 35, 15, 7, 2, 1.25 and 0.075mm,
respectively, in diameter. The grains are divided into 4
categories: coarse grains ( d >15mm ), medium grains
(7mm <d<15mm ), fine grains (0.075mm <d<<7mm) and
particles ( d<<0.075mm ). Figure 4 lists the particle size
fraction before and after the sieving at 90<C. The measuring
methods are described below:

(1) Coarse grains (d >35mm): Measure the length, width
and height of each fragment with vernier caliper, and record
the mass of each fragment. In order to minimize the error, the

average value position should be selected as much as possible.

(2) Coarse grains (15mm<d <35mm ): Count the total
number of fragments and record the gross mass.

(3) Medium grains ( 7mm<d <15mm ) and fine grains
( 2mm <d<<7mm ): Calculate the total number by the
sampling method (sample mass: gross mass = sample number:
total mass) and record the gross mass of each particle size
range.

(4) Fine grains (1.25mm < d<<2mm, 0.075mm < d<1.25mm)
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and particles (d <0.075mm ): Record the gross mass of each
particle size range.

a
(a) Sample after

wet-cyclese (b) Coarse grainse

(c) Medium grains¢

(d) Fine grains¢ (e) Particles¢

Figure 4. Particle size fraction before and after sieving at
90T

3. RESULTS

3.1 Mass percentage of each particle size fraction
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Figure 5. Variation of mass percent of each particle size
fraction with temperature

The gross mass and the mass percentage of each particle
size fraction are calculated in this research. According to the
relationship between temperature and mass percent of each
particle size fraction in Figure 5, the author draws the
following conclusions:

(1) At the heating temperature of 60<C, the sample remains
intact after three dry-wet cycles. In this case, the mass
percentage of coarse grains is 100%, while that of medium
grains, fine grains and particles are all 0%. Even so, there are
cracks on the surface of the sample, indicating that cracks
have emerged and expanded inside the sample. The sample
might rupture and no longer hold together with more dry-wet
cycles.

(2) The mass percentage of coarse grains, medium grains,
fine grains and particles falls in the range of 71.93% ~ 100%,
0% ~ 20.33%, 0% ~ 7.51% and 0% ~ 0.38%, respectively.
This means coarse grains account for the most amount of
weight, while particles account for the least.

(3) With the changing heating temperature, the mass
percentage of coarse, medium and fine grains varies regularly.
Specifically, the mass percentage of coarse grains decreases
but that of medium and fine grains increases as temperature
rises. As for particles, which account for a small portion of
mass, the mass percentage fluctuates with the temperature,
showing unobvious regularity. The results show that higher
temperature causes higher fragmentation and more medium
and fine grains.
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3.2 Number of fragments of each particle size fraction

The number of fragments of coarse, medium and fine

grains (2mm<d<7mm) are counted in this research. Figure 6
displays how the number of fragments of each particle size
fraction varies with temperature. The findings are as follows:
(1) The number of coarse grains (d>15mm), medium grains
(7mm=d<15mm) and fine grains (2mm<d<7mm) falls in the
range of 1 ~ 884, 0 ~ 5414 and 0 ~ 18269, respectively.
(2) The number of coarse, medium and fine grains changes
regularly with the heating temperature. The number of
medium and fine grains grows, while that of coarse grains
increases firstly and then decreases with the rise of heating
temperature. From 60<C to 120<C, the number of coarse
grains increases continuously and the number of coarse grains
at 120<C is more than 3 times than that at 105<C, indicating
that the fragmentation becomes more obvious after the
temperature surpasses 120 <C. However, the number of coarse
grains falls back at 180<C, down by 202 from that at 120C,
while the number of medium and fine grains is higher at
180<C. Therefore, the fragmentation degree is positively
correlated with the temperature.

2 —
0000 —i— Coarse grains (215’

[ —@— Medium grains (7~15)
| —&— Fine grains (2~7)

15000
10000 -

5000

2500 L0 e
40 60 80 100 120 140 160 180

Temperature ('C)

Figure 6. Variation of the number of fragments of each
particle size fraction with temperature

3.3 Specific surface area

During quasi-static failure, energy dissipation mainly
occurs in the form of the generation of new fracture surface in
rock masses. Hence, the energy dissipation can be measured
by the total surface area of fragments [30]. By definition, the
specific surface area of the sample refers to the ratio of the
total surface area to the gross mass of fragments. Below is the
calculation method of the surface area of each particle size
fraction [31]:

(1) Surface area of coarse grains (d>35mm)

The mass and size of each fragment of coarse grains
(d>35mm) are measured as follows. If the mass, length, width,
thickness and material density of a fragment are denoted as m,
I, h, wand o, respectively, then the real volume V; and the
envelope volume V. of the fragment should be defined as

<

1)

D3

<
=

W

The real volume stands for the volume of equivalent sphere
and the envelope volume as the volume of equivalent cube.
Thus, the equivalent particle size req and equivalent side
length Leq Of the fragment are obtained:
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_ My
r-eq _(471_) (2)
L = (V)"

The surface area of the fragment equals that of its
equivalent sphere:

S = 47Zreq2 (3)
The surface area of each fragment is calculated according

to Eq (3). Add up all the surface areas to get the total surface

area of all coarse grains (d>35mm).

(2) Surface area of coarse grains (15mm<d<35mm), medium

grains (7mm<d<15mm) and fine grains (2mm<d<7mm)

The gross mass and the total number of grains of each
particle size range are measured and denoted as M and n,
respectively. Assuming that grains within each particle size
range are composed of spheres with a radius r, the volume V;
and mass m; of each sphere are:

4
Vi=§m3,mi=pw (4)
The gross mass of a particle size range is
4 3
M =nm, =—znpr (5)

3

The radius of the equivalent uniform distribution sphere is

3M 13
r=(——
%mﬁ (6)
The total surface area of the particle size fraction is
2 3BmM2 13
S=4mn=(——5—) (7
2
o)

(3) Surface area of fine grains (0.075mm<d<2mm) and particles
(d<0.075mm)

The particle size range of such grains covers

1.25mm<d<2mm, 0.075mm<d<1.25mm and d<0.075mm. Only
the gross mass M is measured, and the number of grains is not
counted. Suppose the minimum and maximum diameters are
respectively d; and d for particles of a particle size range,
and particles in the size range are composed of spheres with a
diameter of d=(d1+d.)/2.

The volume and mass of each sphere are:

Vv =Zd
6 ®)
m, = pV,
The gross mass of the particle size fraction is
M =nm, =%n,od3 9)

The total number of spheres can be calculated as



M
n==6 10
npd3 ( )
The total surface area of the particle size fraction is
S =nzd? =6 (11)

od

The results of surface area are summarized in Table 1. The
temperature-induced changes of specific surface area of each

particle size fraction are shown in Figure 7. It can be seen
that:

(1) The specific surface area of samples falls in the range of
0.12~3.98cm?/g under dry-wet cycles at various temperatures.
(2) The specific surface area of the samples increases with the
temperature. The growth rate is high between 60<C and
120<C but slows down from 120C to 180<C. The results
show that a sample would break down completely at a certain
temperature if the dimension and mass remain constant, and
its specific surface area tends to a certain value.

Table 1. Surface area of each particle size fraction

Surface area of each particle size fraction /cm?

T >15 7-15 2-7 1.25-2 0.075-1.25 <0.075 Specific surface area/cm?/g
60 1679 0 0 0 0 0 0.12
90 3737 2472 1305 211 4573 9795 1.59
105 3497 3354 1430 298 5461 19517 241
120 11795 8443 4428 675 18240 5050 3.13
180 9212 10910 5706 1042 18972 13341 3.98
s ease of operation, the author decides to calculate the fractal
40l - dimension based on the relationship between the scale and the
asf / mass distribution.

30l

25 ./
20 /
15

1.0 -
0.5
0.0
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S (cmilg)

Figure 7. Variation of specific surface area of each particle
size fraction with temperature

3.4 Fractal dimension

During the dry-wet cycle test, new cracks keep emerging,
developing and propagating inside the samples under the
effect of temperature and fluid, leading to macro-level
fractures and the loss of integrity. This is essentially an
energy dissipation process featuring fractal properties, in
which micro-scale damages are accumulated into macro-level
fragmentation. Good statistical self-similarity is displayed in
the geometrical features (e.g. crack density and
microstructure fracture mode) of the structural development
and the numerical characteristics of the evolution of
mechanical or physical quantities [9]. The fractal dimension
of fragments is demonstrated by the relationship between the
scale and the frequency distribution or the relationship
between the scale and the mass distribution. Considering the

The relationship between the scale and the mass
distribution is [9]:

M (ﬂ)a

My " (12)
where M is the cumulative mass of the equivalent side length
shorter than Leg; My is the gross mass; a is the average size of
fragments; « is the exponent.

Take logarithm of Eq (12) to establish the formula of the
exponent « :

M
IgM—:aIgLeq—aIga (13)

t

where « is the slope of the straightline of Ig(M/My)-IgLeq. The
relationship between the fractal dimension D and the
exponent « is (Xie 1997) [9]:

Table 2 presents the mass in the range of the equivalent

side length Leg, the cumulative mass M~ of the equivalent side
length shorter than Leg, lgleg and Ig(M/M;) at 90<C.

Table 2. Equivalent side length and cumulative mass of particles at 90T

Al /mm Mig Leq /mm M'/g lg Leq Ig(M/Mt)
<0.075 26.57 0.08 26.57 -1.12 -2.67
0.075~1.25 109.59 1.25 136.16 0.10 -1.96
1.25~2 12.40 2.00 148.56 0.30 -1.92
2~7 172.68 7.00 321.24 0.85 -1.59
7~15 849.57 15.00 1170.81 1.18 -1.03
15~35 148.82 35.00 1319.63 1.54 -0.98
35~50 0.00 50.00 1319.63 1.70 -0.98
50~70 0.00 70.00 1319.63 1.85 -0.98
50~140 0.00 140.00 1319.63 2.15 -0.98
140~280 11150.00 280.00 12469.63 2.45 0.00
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Figure 8. Variation of fractal dimension with temperature

The following can be inferred from the variation of fractal
dimension with temperature in Figure 8:
(1) The fractal dimension of samples falls in the range of
1.00~2.33.
(2) The fractal dimension increases with the increase of
temperature. At the heating temperature of 60<C, the sample

remains intact and the fractal dimension reaches the minimum.

From 60<C to 90T, the fractal dimension increases rapidly,
but the growth rate slows down after 90<C. Thus, the
fragmentation degree increases with the increase of
temperature; when the heating temperature surpasses a certain
level, however, the fractal dimension of the sample may reach
a stable state.

4. DISCUSSION

Since the difference in mudstone fragmentation is mainly
attributed to mineral composition and pore-fracture structure,
the shape and size of samples may vary with mineral
composition and pore-fracture structure in spite of the
constant temperature [32-33] and the same number of dry-wet
cycles. For the same type of mudstone, however, the
fragmentation degree grows as the temperature rises, bringing
about more fragments, larger specific surface area and greater
fractal dimension. The high temperature environment is
conducive to mudstone fragmentation and the dry-wet cycles
act as the driving engine of the rapid disintegration of
mudstone. The effect of temperature should not be ignored in
the analysis of rock fragmentation during dry-wet cycles. The
temperature has a three-fold effect on rock decay: 1)
Changing temperature will cause stronger thermal stress in
rocks, which in turn produces tensile stress, compressive
stress or shear stress. Under these stresses, cracks and
cleavage planes may develop along grain boundaries. When
the resultant stress exceeds the tensile strength of samples,
internal cracks will appear, creating channels for water
seepage. 2) With higher temperature and more frequent dry-
wet cycles, the moisture will be evaporated and absorbed by
rock masses, resulting in strong swelling-shrinking
phenomenon. As the water evaporates, the mudstone shrinks
and develops tensile cracks. The resulting gaps of
evaporation are filled up by air. When water is reabsorbed,
the air is trapped and compressed in capillary openings,
contributing to even more tensile stresses and rock
deterioration [34]. In this research, the samples contain water-
absorbing and pressure-generating swelling minerals. This
explains why so many cracks are formed in the samples under
the effect of temperature during dry-wet cycles and how the
rise in temperature leads to stronger swelling and shrinking,
and the ultimate deterioration of mudstone. 3) The expansion
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coefficient of mineral grains differs with temperature and
temperature gradient. Apart from clay minerals, mudstone
also contains non-clay minerals like quartz and feidspar,
which are cemented by clay minerals. Rocks containing
different minerals feature different thermal and mechanical
properties. For instance, the volume expansion coefficient is
quite low for feidspar and high for quartz [35]. Due to the
different heat conduction [36-38] and thermal expansion
anisotropy [39] between mineral grains, thermal stress will
concentrate in local areas between mineral particles.
Consequently, the internal structure of the particles will be
changed, new cracks will appear along the grain boundary or
within particles, and the cement and the grains will eventually
split apart.

To a certain extent, the dry-wet test simulates many of the
natural disasters induced by abrupt environmental changes,
namely heavy rain and high temperature. These changes often
accelerate the failure process of landslides and surface
collapses. According to Zhang et al. [40-41], the temperature
difference has a great impact on rock decay, and the threshold
of fatigue efficiency varies with rock type. The temperature
difference in dry-wet cycles is the result of moisture variation
[42]. Once it is in contact with water, the mudstone will be
weakened with water seeping through the cracks [43-46]. The
higher the heating temperature, the faster the water absorption,
and the faster the mudstone ruptures and disintegrates.

5. CONCLUSION

This paper designs a customized test device consisting of a
model test container, a thermostat-controlled heating plate
and a water supply and drainage unit for the experiment,
carries out the sieving test on air-dry fragments to analyze the
effect of different temperatures on the fragmentation
characteristics of mudstone during dry-wet cycles, and
performs a systematic study on how temperature variation
affects the mass fraction, the number of fragments, the
specific surface area and the fractal dimension. The results
show that the temperature has a significant effect on the
above distribution parameters of rock masses under dry-wet
cycles.

Specifically, the mass percentage of coarse grains
decreases but that of medium and fine grains increases as
temperature rises, indicating that higher temperature causes
higher fragmentation and more medium and fine grains; the
number of medium and fine grains grows, while that of coarse
grains increases firstly and then decreases with the rise of
heating temperature, and the fragmentation becomes more
obvious after the temperature reaches 120<C; the specific
surface area and the fractal dimension of the samples increase
with the temperature. However, the fast growth rate slows
down after the temperature surpasses 120<C, indicating that a
sample would break down completely at a certain temperature
if the dimension and mass remain constant, and its specific
surface area tends to a certain value.

The difference in mudstone fragmentation is mainly
attributed to mineral composition and pore-fracture structure.
The high temperature environment is conducive to mudstone
fragmentation and the dry-wet cycles act as the driving engine
of the rapid disintegration of mudstone. For the same type of
mudstone, however, the fragmentation degree grows as the
temperature rises, bringing about more fragments, larger
specific surface area and greater fractal dimension.
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