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Laboratory test on crack development in mudstone
under the action of dry-wet cycles
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Abstract Rock masses in southwest China are dominated by
alternating layers of sandstone and mudstone. When exposed
to natural conditions, mudstone is vulnerable to disintegration,
causing the overlying sandstone to be extremely likely to col-
lapse under the action of a load or other conditions. An effec-
tive and innovative experimental method to characterize
weathering processes would contribute to collapse prevention.
In this study, a customized test unit, including a model test
container, a lever-loading device and a thermostat-controlled
heating plate, was applied to explore the mechanism of crack
development in mudstone over multiple dry-wet cycles. The
crack width, vertical displacement and wetted area were mea-
sured to analyse the slaking mechanism acting during these
cycles. The results show that tiny cracks appeared on the sur-
face of the sample after heating and that the vertical displace-
ment increased in the upward direction because of swelling of
mudstone. The crack width expanded with increasing water
exposure, but after the water infiltrated the surface of the sam-
ple, the crack width decreased. The external surface of the
sample was gradually infiltrated in the second dry-wet cycle,
and the infiltration area increased continually. The infiltrating
speed grew progressively faster with each cycle, and the num-
ber and size of internal cracks monotonically increased. The
sample fractured as a result of crack extension. These results
have theoretical significance regarding the ground collapse of
alternating layers of sandstone and mudstone.

Keywords Mudstone .Crackdevelopment .Dry-wet cycles .

Temperature-induced stress . Fluid effects

Introduction

Alternating layers of sandstone and mudstone are widely dis-
tributed in southwest China and generally exhibit favourable
stability. However, the number of surface collapse incidents
has increased in recent years. The surface collapse mechanism
of this geological condition is different from that of karst col-
lapse, mining collapse and loess hydrocompaction. There is
theoretical and practical significance to studying the collapse
mechanism of this geological condition for preventing and
responding to disasters. Mudstone weathers and disintegrates
easily after multiple dry-wet cycles, which provides the con-
ditions to generate a cave inside the rock mass. This configu-
ration is more likely to collapse under the action of an over-
lying load. Thus, studying the weathering process of mud-
stone under dry-wet cycles through experimentation can pro-
vide an experimental and theoretical basis for surface collapse
of alternating layers of sandstone and mudstone.

Mudstone is a type of soft rock that is formed through the
long-term compaction of silt and clay; it exhibits low perme-
ability (Lee et al. 2013). Many phenomena and engineering
problems are associated with mudstone (Al-homoud et al.
1996; Imumorin and Azam 2011). Micro cracks and flaws
exist in the compaction period of mudstone; thus, when it is
exposed to air, it shrinks and cracks due to water loss and
differential stresses. Differential stresses are created as mud-
stone containing expanding clay minerals adsorbs water, and
the interaction between the entrapped air and expanding ma-
terials results in the deterioration of mudstone (Seedsman
1993; Molinda et al. 2006). Thus, the action of water on mud-
stone can degrade its mechanical strength (Ojo and Brook
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1990; Yoshida et al. 1997; Lashkaripour 2002; Poulsen et al.
2014; Lu et al. 2016), cause swelling in its composite clay
minerals (Einstein 1996; Zhang et al. 2016; Zhang et al.
2017), and promote crack propagation through the rock mass
(Pejon and Zuquette 2002; Arnould 2006; Guo et al. 2012;
Gautam and Shakoor 2013; Lu et al. 2016).

Many researchers have noted that the mechanisms of the
water-weakening effect are multifaceted. The water-
weakening effect is greater in clay-rich rocks than in quartz-
rich rocks (Goodman 1989; Poulsen et al. 2014). Clay-rich
rocks can swell and significantly soften after absorbing water,
which degrades their mechanical strength (Erguler and Ulusay
2009). Gamble (1971), Phienwej (1987) determined that dis-
integration arises mainly by water absorption and changes in
the water content. The average decay rate of purple mudstones
increased with increasing rock moisture content (Zhang et al.
2016). Eeckhout (1976) and Silva et al. (2008) suggested that
the mechanisms of the water-weakening effect include de-
creasing surface fracture energy, increasing pore pressure, de-
creasing capillary tension, stress corrosion, decreasing friction
and chemical degradation. Lashkaripour and Boomeri (2002)
noted that the mineralogical composition and texture of the
rocks were factors in the slake durability of weak rocks. Jiang
et al. (2014) applied computerized tomographic scanning to
the study of water-induced weakening of mudstone and
provided visual evidence for the assessment of mudstone
performance with respect to the stability of landslides, debris
flows and susceptibility of subsidence in mudstone strata.
Ashby et al. (1970) established a low-stress mode for rock
grain boundary sliding with diffusion material migration; the
dissolution and formation of minerals in the chemical reaction
between water and rock, as described by this model, follow
the mechanical properties of soft rocks during softening. All
these reports emphasize that water is a significant factor lead-
ing to rock decay; water’s role during the weathering process
has been inferred to occur in cyclical steps: 1) seepage of
meteoric water; 2) dissemination of highly oxidizing meteoric
water; 3) triggering of oxidation and dissolution of minerals;
4) water evaporation; and 5) partial migration of the elements
contained in the aqueous solution and consequent deposition
of minerals in the joints (Bozzano et al. 2006).

Mudstone weathers and disintegrates easily under sun ex-
posure and rainfall, and this effect is enhanced in summer.
Heating and cooling, wetting and drying, and freezing and
thawing are known to be the main processes responsible for
the physical disintegration of rocks under natural conditions
(Erguler and Shakoor 2009). Therefore, much research atten-
tion has been focused on the properties of mudstone under
dry-wet cycles (Cantón et al. 2001; Erguler and Shakoor
2009; Guo et al. 2012; Yang et al. 2014; Higuchi et al. 2014;
Zhang et al. 2015; Qi et al. 2015). When mudstone is exposed
to dry-wet cycles, its cementing agents often break down,
resulting in mechanical erosion (Imumorin and Azam 2011)

and causing disintegration into gravel and sand-sized particles
(Doostmohammadi et al. 2009). Cantón et al. (2001) found
that the number of dry-wet cycles had the strongest influence
on weathering. Guo et al. (2012) studied the effect of the
alternation of heat and water on the slaking phenomenon of
redbeds and concluded that the disintegration of mudstone is
the result of the comprehensive action of wetting, heating and
loading. Yang et al. (2014) investigated the micro-fracture
mechanism of mudstone after wet-dry cycles. Qi et al.
(2015) concluded that the main mechanisms of slaking of
red strata mudstone were water-absorption, dehydration
shrinkage during drying and mineral dissolution. Although
research under controlled conditions offer insight, there is still
a large difference relative to natural conditions, which is lim-
ited by the test method. Most of the previous investigators
have involved laboratory tests (Cantón et al. 2001; Erguler
and Shakoor 2009; Yang et al., 2014; Qi et al., 2015; Zhang
et al. 2016), outdoor tests (Guo et al. 2012; Gautam and
Shakoor 2013) and in situ monitoring (Yang, et al. 2006;
Cantón et al. 2001) to assess the disintegration of mudstone.
Among these methods, the in situ monitoring test is closest to
natural conditions. However, when restricted by test sites and
testing conditions, additional research is needed to evaluate
the slaking behaviour of mudstone under laboratory condi-
tions. Therefore, the customized model test device and differ-
ent dry-wet cycle test conditions are described in this article
and were used to study the trends of vertical displacement,
crack width and wetted area in mudstone. The crack develop-
ment law after dry-wet cycles is analysed from three aspects,
namely, the temperature-induced stress, load effects and fluid
effects, to characterize the ground collapse mechanism in al-
ternating layers of sandstone and mudstone.

Experimental methodology

The main exogenic effects of mudstone weathering are tem-
perature and rainfall (Yang et al. 2006). Based on the literature
(Yang et al. 2006), Fig. 1 shows the relation between the
temperature and weathering rates of mudstone based on the
monitoring results under the natural state outside (including
rainfall) for one year. As shown in Fig. 1, the weathering rates
increase with increasing temperature. Therefore, the dry-wet
cycle test is designed based on the water-weakening effect and
rapid weathering under high temperature.

The experimental materials selected are typical mudstones
from the mudstone layers of the Suining group (J3s) located in
the Jinfeng district of Chongqing, south-western China
(N29°30′46.05″, E106°18′55.03″). Bedrock comprises alter-
nating sandstone and mudstone layers and covers most parts
of the Jinfeng area. The climate of the sampled region is sub-
tropical, with an annual average temperature of 18.4 °C and
rainfall of 1151.5 mm. Sampling site is shown in Fig. 2.
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Samples were packedwith plastic wrap before being sent back
to the lab to maintain its original state to the largest degree
possible. Samples were cut into a cuboid measuring
300 × 180 × 180 mm with an electric saw and drilled through
with an electric drill by a 20 mm diameter borehole that was
the channel of inlet water and drainage from the centre of the
rectangle top surface to the bottom surface of the sample. The
mineral components of the sample are shown in Table 1
(Zhang 2008).

The customized testing device, as shown in Fig. 3, includes
a lever-loading device, a container, a thermostat-controlled
heating plate and a drainage device. The lever-loading device
provides a constant load for the sample by which the load can
be increased or decreased by changing weights. The sample is
placed in the container, and lateral restraint for the sample is
provided by tightening the nuts of the activity steel plate.

Constraint conditions and the loading range are indicated in
Fig. 4. The heating plate is a series connection with a temper-
ature controller, a thermocouple and a relay, which can control
the temperature and maintain a constant temperature. When
used to heat the mudstone, the constant-temperature device
can accelerate the test process and enable study of the mud-
stone weathering process to a certain extent in the laboratory.

The dry-wet cycle test is conducted using the heating plate
to heat the sample and by maintaining a water supply and
drainage using the top-down drilling hole. The test process
is as follows: heating for 24 h at 70 °C → water exposure
for 8 h → heating for 24 h at 70 °C → water exposure for
8 h. The period of each cycle is 32 h. We maintain a constant
load, applying a 120 kPa distributed load on the rectangular
surface with the scope being 100 × 100 mm centred around
the borehole. The water flow is 82.8 kg/h.

Four dial indicators are used to measure the vertical dis-
placement, as shown in Fig. 5. The A and B sides are uncon-
strained sides, and the left and right sides are constrained
sides. The crack width and the infiltration area are both ob-
served from the unconstraint sides and measured by the crack
width observation instrument (minimum scale is 0.05 mm and
measuring range is 4 mm) and coordinate paper, respectively.

Experimental results

Three dry-wet cycles were conducted. In the first dry-wet cycle,
there were cracks on the surface of the sample after heating for
24 h, but these cracks were difficult to detect. With an increase
in water exposure time, the crack width continuously expand-
ed, and the surface was not infiltrated. In the second dry-wet
cycle, the crack widths decreased after heating for 24 h, and
water infiltrated one side of the surface of the sample after
water exposure for 1 h and the other side after water exposure
for 6 h. The crack width increased, and then became stabile. In
the third dry-wet cycle, the cracks widths decreased after
heating for 24 h, and water infiltrated immediately after water
exposure, with the infiltration area constantly expanding. The
infiltration speed was faster than that of the second dry-wet
cycle; the crack width first increased, then decreased.

Vertical displacement

The change of the vertical displacement of three dry-wet cy-
cles withwater exposure time is shown in Table 2. The vertical
displacement was measured by dial indicators when the sup-
ply water was initiated. The vertical displacement was up-
wards, indicating that the mudstone swelled when exposed
to water. During the initial 3 h of the first dry-wet cycle, the
vertical displacement did not change; it subsequently in-
creased and then stabilized. The displacement during the

Laboratory test on crack development in mudstone under the action 545

b  Relationship between high average temperature and

weathering rates

a  Relationship between low average temperature and

weathering rates

Fig. 1 Relationship between temperature and weathering rates



second and third dry-wet cycle increased monotonically after
water exposure, then became stabile.

Figure 6 shows the change of the average displacement of
each measuring point of each dry-wet cycle with water expo-
sure time. The displacement increased to a stable value after
each dry-wet cycle. The cumulative displacement of the third
dry-wet cycle was 2.35 mm. Continual crack expansion re-
sulted in the water continuously contacting the sample. The
swelling after water absorption caused the vertical displace-
ment to increase continually.

Crack width

There was no crack on the surface of the undisturbed sample.
After heating for 24 h, a slight crack appeared on the surface,

which continually extended and expanded after water expo-
sure. A fixed position was chosen to observe the crack width.
Segments of the experiment photos of the crack development
and infiltration area are shown in Fig. 7. Figure 8 shows the
crack width behaviour with increasing water exposure time.

Figures 7 and 8 show that with increasing water exposure
time, the crack width during the first and second dry-wet cy-
cles increased and then stabilized after water exposure for a
certain time. The crack width of the first dry-wet cycle was
largely stable after water exposure for 5 h, and the crack width
of the second dry-wet cycle changed slightly after water ex-
posure for 2 h. The crack width of the third dry-wet cycle first
increased and then decreased after water exposure for 1–2 h
because the water infiltrated through cracks into the surface to
make the sample swell; subsequently, the crack width was
reduced. In addition, the crack width of each dry-wet cycle

Table 1 Content of clay mineral
and non-clay mineral ofmudstone
(Zhang 2008)

Position Type and content of mineral (%)

Quartz Potassium feldspar Anorthose Hematite Clay mineral

Suining group 25.9 0.9 12.9 3.9 56.4
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after heating was smaller than that of the last dry-wet cycle,
which was due to the thermal expansion that caused the sam-
ple to swell. There were no cracks on the surface of the orig-
inal mudstone, but cracks were generated when the moisture
inside the mudstone slowly evaporated after heating.

Wetted area

Selected pictures of the wetted area are shown in Fig. 7.
Figure 9 shows the change of the wetted area with water
exposure time. No water infiltrated the surface of the sample
in the first dry-wet cycle. Water infiltrated slowly to the B side
in the second dry-wet cycle. With increasing water exposure
time, the wetted area increased, suggesting that the crack from
the borehole to the surface of this side connected and that the
permeability coefficient increased. There was no water

infiltration on the A side until water exposure had been con-
ducted for 5 h, after which the wetted area increased. After
heating during the third dry-wet cycle, the water wetting on
the surface of the previous dry-wet cycle evaporated, and wa-
ter immediately infiltrated after water exposure. The infiltra-
tion rate was significantly faster than the second dry-wet cy-
cle. The internal cracks expanded with successive dry-wet
cycles and connected continuously between one crack and
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a  Drying

b  Wetting

Fig. 3 Photos of the whole test device

a  top view

b  Front view

Fig. 4 Container used in experiments (unit: mm)

Fig. 5 Displacement measurement points (unit: mm)



another crack, while the permeability coefficient and seepage
speed both increased.

Discussion

The initiation and propagation of macro cracks in rocks
results from the combined action of temperature-induced
stress, load effects and fluid effects. Therefore, studying
the mechanism of these factors is the basis for observing
the changes of macro cracks in mudstone. This study fo-
cuses primarily on analysing the effect of these three fac-

tors on mudstone from the perspective of mechanical
analysis as follows.

Temperature-induced stress

When rock expansion caused by a change of temperature is
constrained, stress is produced. This stress constitutes thermal
stress generated when thermal expansion is constrained with-
out the effect of external force.

The thermal expansion coefficient of mudstone is α = 9 ×
10‐6 /°C (Tang et al. 2006), the Young’s modulus E = 2 × 109

Pa and Poisson’s ratio μ = 0.3. αE in each direction is
constant. The temperature distribution and the temperature-
induced stress distribution are shown in Fig. 10. The
temperature-induced stress is (Li 2004)

σx ¼ αE
1−μ

−t yð Þ þ 1

c−0:01
∫c0:01t yð Þdy

� �
ð1Þ

The calculation method of σz is the same as σx, whose dif-
ference from σx is without borehole. This assumes that the
temperature distribution along the y axis in Fig. 10 is (Li 2004)

t yð Þ ¼ t0 1−
y2

a

� �
ð2Þ

The uniform temperature load of 70 °C is applied on the
surface of mudstone, and temperature is 24 °C (room

Table 2 Vertical displacement
with watering exposure time Time/h 1 2 3 4 5 6 7 8

Displacement/mm

Measurement

point

Cycle number

1 First 0 0 0 0 0.08 0.09 0.10 0.12

2 0 0 0 0.03 0.08 0.10 0.11 0.12

3 0 0 0 0.02 0.07 0.08 0.09 0.10

4 0 0 0 0.02 0.1 0.12 0.13 0.13

Average 0 0 0 0.02 0.08 0.09 0.10 0.12

1 Second 0.02 0.08 0.18 0.24 0.27 0.32 0.35 0.39

2 0.26 0.42 0.47 0.47 0.53 0.53 0.60 0.60

3 0.03 0.29 0.38 0.44 0.58 0.58 0.62 0.66

4 0.32 0.43 0.48 0.51 0.56 0.56 0.58 0.58

Average 0.16 0.30 0.38 0.42 0.48 0.50 0.54 0.56

1

2

3

4

Average

Third 1.49 2.01 2.26 2.43 2.43 2.43 2.43 2.43

1.40 1.88 2.03 2.21 2.28 2.40 2.57 2.57

0.86 1.09 1.16 1.28 1.35 1.41 1.46 1.48

1.72 2.22 2.51 2.93 2.58 2.69 2.86 2.92

1.37 1.80 1.99 2.21 2.15 2.23 2.33 2.35
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Heating 24h

A side

Heating 24h Watering exposure 1h

Watering exposure 1h

B side

Watering exposure 8h

Watering exposure 8h

Heating 24h Watering exposure 1h

A side

Watering exposure 8h

Heating 24h Watering exposure 1h

B side

Watering exposure 8h

Heating 24h Watering exposure 1h

A side

Watering exposure 8h

a  The first dry-wet cycle 

b The second dry-wet cycle

Heating 24h Watering exposure 1h

B side

Watering exposure 8h

c The third dry-wet cycle

Fig. 7 Segment of photos of
crack width and wetted area



temperature) inside the borehole, so when y = 0.01, t(y) = 24
and y = 0.09, t(y) = 70. Substituting these boundary conditions
into Eq. (2), it obtains t0 = 23.44 and a = −0.0041. Substituting
t0 and a into Eq. (2), the temperature distribution along the y
axis is obtained as follows.

t yð Þ ¼ 23:44 1þ 243:9y2
� � ð3Þ

Substituting Eq. (3) into Eq. (1), we obtain

σx ¼ αE
1−μ

‐5717:02y2 þ 17:34
� � ð4Þ

Inserting parameters into Eq. (4), the temperature-induced
stress distribution along the y direction, as shown in Fig. 10b,
is obtained. Due to the high temperature on the outer boundary
and the low temperature around the borehole, the outer boundary
undergoes compressive stress with a maximum value of
0.43 MPa. The borehole undergoes tensile stress with a

maximum value of 0.74 MPa. The turning point between the
tensile stress and the compression stress is located at
y = 0.055 m. When y ∈ (0, 0.055), if the tensile stress is greater
than the tensile strength, cracks are initiated. When y ∈ (0.055,
0.09), cracks on the surface will not be produced by the effect of
thermal stress and will actually assist in crack closure, which
explains the surface crack decrease after heating in each dry-
wet cycle.

Load effects

The stress distribution within homogeneous continuous rock
masses under load effects can be solved by the finite element
method. The finite element software ANSYS is applied to
calculate the stress distribution under the action of uniform
loading. The computing model is shown in Fig. 11, whose
coordinate system matches that of Fig. 10. Mudstone is sim-
ulated by the 8-node SOLID45 element. The A surface, B
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a   A side

Horizontal Vertical
b   B side

Fig. 8 Change of crack width with watering exposure time



surface and upper surface of the computing model are free
boundary. The x direction constraint is imposed on the right
and left surface, and full constraints are imposed on the bot-
tom surface. The uniform distribution load of 120 kPa is ap-
plied on the top surface. Drucher-Prager model is applied to
the computing model, and material parameters are shown in
Table 3. Figure 12 shows the x-component of stress, y-com-
ponent of stress and z-component of stress, respectively.

From Fig. 12a, along the x direction on the top surface of
the sample, when x < 0.1 m (within the loading range), com-
pressive stress occurs with a maximum value of 26.98 kPa;
when x > 0.1 m (beyond the loading range), tensile stress
occurs with a maximum value of 62.69 kPa. Thus, it is not
easy to generate cracks around the borehole (within the load-
ing range). Cracks will be produced beyond the loading range
when the load is greater than the tensile strength of the sample

and the extending direction of cracks is perpendicular to the
loading direction.

From Fig. 12b, compressive stress occurs along the y di-
rection on the top surface of the sample with a maximum of
18.09 kPa. Therefore, cracks will not be generated within the
loading range.

Each starting location of the z direction is shown in
Fig. 12c. Curve 1 is the inner surface of the borehole on the
constrained side, and it undergoes tensile stress with a maxi-
mum value of 42.16 kPa. Curve 3 is the inner surface of the
borehole on the unconstrained side and undergoes compres-
sive stress with a maximum value of 6.37 kPa. Curve 2 is the
unconstrained surface, and it undergoes compressive stress
with a maximum value of 0.035 kPa. Thus, cracks will not
be generated on the A and B surface, but cracks will be pro-
duced inside the borehole and the extending direction of
cracks is perpendicular to the loading direction.

Therefore, load effects promote the formation of cracks on
the unconstrained surface but inhibit the formation of cracks
on the constrained surface. When the overlying load is small,
the effect of the sample is limited.

Fluid effects

Micro cracks and micro holes existed before macroscopic
cracks appeared in the sample. The structure’s mesoscopic
damage elements (such as micro cracks and micro holes) con-
stantly initiate, join and extend until connection, which causes
the performance of mudstone to deteriorate under the effect of
a load or the environment (e.g. temperature change, fluid ef-
fects or corrosion). This evolution process constitutes the
damage mechanism. The fracture occurs in the later stages
after damage in the material and represents the limit state in
which the stress capacity of the material is completely lost.
Visible cracks are produced with the extension of the struc-
ture’s mesoscopic damage elements after heating, which pro-
vides a channel for the water to infiltrate, causing the contact
area between water and mudstone to continually increase.
Under the action of hydraulic fracturing and the water-
weakening effect, cracks connect with each other and the
crack width increases, eventually reaching the limit state and
failure.

Kang (1994) obtained a rock damage variable evolution
equation associated with the expansion under the influence
of water using the theory of the damage mechanics that can
well describe the rock damage characteristics under the influ-
ence of water. In a previous study, Guo et al. (2012) analysed
crack generation and fracture mechanisms in mudstone from
the microscopic angle. The crack propagation conditions are
explained primarily through hydraulic fracturing as follows.
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The stress of a single crack is shown in Fig. 13. σ1 and σ3
are the maximum and minimum principal stress, respectively;
σα and τα are the normal stress and shear stress of the crack,
respectively; phs and phd are the hydrostatic pressure and
hydrodynamic pressure, respectively; a and b are the length
and the width of the crack, respectively, and α is the angle
between the extension direction of the crack and the
maximum principal stress. Zhu and Hu (2000) deduced the
initial cracking strength formula by considering the fissure

water pressure of rocks but did not consider the effect of dy-
namic water pressure. Therefore, this article incorporates dy-
namic water pressure into the formula.

Based on the literature (Wu and Zhang 1995), the normal
and shear stresses of the crack are

σα ¼ σ1 þ σ3

2
−
σ1−σ3

2
cos2α ð5Þ

τα ¼ σ1−σ3

2
sin2α ð6Þ

When seepage pressure phs and phd exist in the crack, as-
suming water cannot infiltrate the rock, the stresses containing
seepage water pressure on the surface of the crack are

σw
α ¼ σ1 þ σ3

2
−
σ1−σ3

2
cos2α−phs ð7Þ

τwα ¼ σ1−σ3

2
sin2α−phd ð8Þ

Beginning from the closed crack and by setting ci and fi
equal to the cohesion and the friction coefficient on the surface
of the crack, respectively, the friction resistance on the surface
of the crack is

F ¼ ci þ f iσ
w
α ð9Þ

Therefore, the resultant force parallel to the plane of the
crack is
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a   Temperature distribution 

b   Temperature-induced stress distribution

Fig. 10 Temperature distribution
and stress along the y direction

Fig. 11 Computing model of load effects



Table 3 The material parameters
Young’s modulus

(Pa)

Poisson’s ratio Unit weights

(kN/m3)

Cohesion

(Pa)

Internal friction
angle (°)

Mudstone 2e9 0.3 25.4 5.7e5 32
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a   x-Component of stress 

b   y-Component of stress 

c   z-Component of stress 

Fig. 12 Change of stress along the x, y, z direction



τ ¼ τwα−F ð10Þ

The seepage pressure is (Wu and Zhang 1995)

phs ¼ γH ð11Þ

phd ¼ γ J f exp μγH−μ σ1sin
2αþ σ3cos

2α
� �� � ð12Þ

where γ is the unit weight of water; H is the water head of the
crack; Jf is the hydraulic gradient; and μ is the undetermined
coefficient.

According to the theory of fracture mechanics, the tip stress
intensity factor of the open type crack is

KΙ ¼ −σα
ffiffiffiffiffiffi
πa

p ð13Þ

KII ¼ τα
ffiffiffiffiffiffi
πa

p ð14Þ

Substituting Eqs. (7) and (11) into Eq. (13) and substituting
Eqs. (8), (9), (10) and (12) into Eq. (14) gives the following:

KΙ ¼ −
σ1 þ σ3

2
−
σ1−σ3

2
cos2α−phs

	 
 ffiffiffiffiffiffi
πa

p ð15Þ

KII ¼ sin2αþ f icos2α− f ið Þσ1

2
− sin2αþ f icos2αþ f ið Þσ3

2
þ phs f i−ci−phd

h i ffiffiffiffiffiffi
πa

p ð16Þ

According to the maximum circumferential stress criterion,
the relation of the stress intensity factor of I- and II-type cracks
is

KΙsinθþ KII 3cosθ−1ð Þ ¼ 0 ð17Þ
where θ is the crack propagation angle.

Substituting Eqs. (15) and (16) into Eq. (17), we can deter-
mine the crack propagation angle θ = θ0. Substituting it into
the tip crack equation in polar coordinates, we obtain

σθð Þmax ¼ σθð Þθ¼θ0

¼ 1

2
ffiffiffiffiffiffiffiffi
2πr

p cos
θ0
2

KI 1þ cos θ0ð Þ−3KIIsin θ0½ �: ð18Þ

The threshold cracking condition is thus determined.
Above all, the temperature-induced stress and the load ef-

fects cause the inner portion of the sample to undergo tensile

stress and the surface to undergo compressive stress. When
stress arises from temperature-induced stress and the overlying
load is greater than the tensile strength of themudstone, internal
cracks initiate and provide channels for water. The fracturing
effect of water then causes these cracks to extend to the outer
surface of the sample. The sample fractures into several pieces
under repeated dry-wet cycles, as shown in Fig. 14.

Conclusion

The crack development mechanism of mudstone is explored
over multiple dry-wet cycles. Tiny cracks appear on the sur-
face of the sample after heating. With increasing water expo-
sure time, the crack widths expand. However, after the water
wets the surface of the sample, the crack widths decrease.
With successive dry-wet cycles, the wetting speed is
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Fig. 13 Stress of a single crack

a  Left side b  Top side c  Right side

Fig. 14 Cracks on the surface



progressively faster, indicating that the number and size of the
internal cracks in the sample gradually increase. The sample
fractures when a crack propagates through it.

Temperature-induced stress, load effects and fluid effects
are analysed to explore the crack development mechanism.
The temperature-induced stress and the load effects cause
the inner portion of the sample to undergo tensile stress and
the surface to undergo compressive stress. When the stress
produced by temperature and the overlying load is greater than
the tensile strength of the mudstone, internal cracks initiate,
providing channels for the action of water and causing the
contact area between water and mudstone to constantly in-
crease. Under the action of hydraulic fracturing and the
water-weakening effect, cracks connect, and the crack widths
increase, eventually inducing failure.

A customizedmodel test container and novel test method is
applied to provide a reference for the degradation of other rock
masses. The model test device and the test method of the dry-
wet cycles are different from previous similar tests and give
full consideration to the combined action of temperature-
induced stress, load and fluid effects. The test conditions are
closer to those of actual situations. The relevant test methods
and test results can provide a reference for the degradation of
other rock masses.
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