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Studying the mechanical properties of soft rocks subjected to water and cyclic loading would contribute to a better understanding
of the stability analysis of soft rock engineering under the conditions of storm and carrier dynamics. In this paper, two soft rocks
from Southwest China (i.e., muddy siltstone and silty mudstone) were selected as test samples. Uniaxial compressive tests were
applied to investigate the strength and deformation characteristics under water-rock reactions. Meanwhile, triaxial tests were
carried out to analyse the fatigue damage and failure characteristics by applying cyclic axial loading under different confining
pressures. +e results indicated a reduction in the uniaxial compressive strength (UCS) under saturated conditions, which is
correlated with the disintegration resistance of soft rocks. Moreover, the samples exhibited a softening phenomenon due to water
absorption and rock expansion, decreasing the elastic modulus. +e triaxial tests demonstrated that axial strain accumulated with
the number of loading cycles due to fatigue and even failed when applying increased cyclic loading with certain cycles. +e
cohesion decreased during cyclic loading, but the friction angle was relatively independent of the number of cycles. In addition,
reductions in the dynamic elastic modulus and shear modulus decreased with increasing loading time. +is study indicated that
water and cyclic loadings could cause significant degradation of the strength and stiffness of soft rocks, which need to be
considered carefully during the engineering utilization of such materials.

1. Introduction

As a common geotechnical material, soft rocks, which cause
prominent engineering geology problems, are widely dis-
tributed in Southwest China. +e soft rock is integral, ex-
hibits considerable mechanical strength in its natural state,
and has been selected as a backfill subgrade material.
However, this material softens easily or even collapses after
the impact of water [1–3]. Consequently, the mechanical
properties are obviously reduced, significantly influencing
the safety of engineering facilities such as expressways, high-
speed railways, and airport runways [4, 5].

Research on water-rock interactions has been a very
popular topic because the results have important guiding
significance for engineering safety.+emost intuitive results
of these studies showed that the mechanical strength of the

rock produces a significant reduction due to the presence of
water [3, 6–10]. Moreover, howwater weakens rocks has also
been investigated to explain the intrinsic drive of water-rock
interactions. +e transformation of the microstructure of
soft rock under saturated conditions was recognized to be
the main cause of its strength degradation [11–14]. Fur-
thermore, the microstructural changes are related to the
content of clay minerals. However, research on the water-
rock reaction mechanism is detailed and complex work that
needs to investigate the influence of the type, hydration
properties, and expansive behaviours of clay minerals on the
microstructure of soft rock. It was not enough to explain the
mechanism of the water-rock reaction by only the content of
clay minerals, and more meticulous work needs to be
performed to study the interaction between water and soft
rock. Alternatively, a parameter that comprehensively
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characterized the mineral properties of soft rocks could be
selected to explore the strength damage of the soft rock.
+erefore, the water content was used as such a parameter,
and rheological models were derived, considering the water
damage [15, 16]. +ese types of models described the creep
damage evolution process of soft rock under the time effect,
considering the long-term water-rock interaction, which
could predict the long-term stability of engineering facilities.
However, in engineering practice, especially under heavy
rainfall conditions, destabilization of various types of rock
masses occurs mostly in a short period of time, such as rapid
swelling, softening, and disintegration of clay rocks after
water exposure. To realize the application of the conclusion
of the water-rock reaction in engineering construction,
analysis of the properties of soft rocks in contact with water
needs to be easy and realistic. For this purpose, the analysis
of soft rock swelling and disintegration, which are physical
properties directly related to the water absorption and de-
formation characteristics of soft rock, and the proposed
strength damage model of soft rock will accordingly provide
a new way of thinking for the degradation analysis of soft
rock.

In recent years, with the vigorous promotion of infra-
structure construction work on highways, high-speed rail-
roads, and airports in Southwest China, the cyclic loading
generated by the corresponding traffic carriers is a factor that
cannot be ignored and has an important influence on en-
gineering safety in soft rock areas [17–19]. Consequently, in
addition to the effect of water on the strength of soft rocks,
attention should also be paid to the possible effect of cyclic
loading on soft rocks to avoid potential engineering risks. At
present, many studies have been conducted on the dynamic
properties of rocks; e.g., the deformation characteristics,
mechanical strength, and fatigue damage under cyclic
loading have been discussed in [18, 20–22]. Early research
efforts have focused on the deformation and failure be-
haviour of rock under cyclic loading, stating that cyclic
loading can significantly reduce the strength and stiffness of
materials and lead to an accumulation of strains [20, 23].
Meanwhile, fatigue, known as the tendency of materials to
failure due to cyclic loading [24], was also a theme that
attracted much attention from scholars. +e fatigue
mechanism was hence investigated, and it was important in
the field of earthquake and mining engineering. Neverthe-
less, this mechanism might be unsuitable in foundation
design because the factors affecting the fatiguemechanism of
rock are markedly different, including loading factors, rock
factors, and environmental factors [21]. Especially for soft
rock, a sensitive microstructure exists [11, 12, 20], and its
deformation characteristics and mechanical strength under
cyclic loading could obviously be different from those of
common rocks. +us, this paper intends to study the me-
chanical characteristics of soft rock subjected to cyclic
loading in the field of foundation engineering.

In the current study, the main objective was to discuss
the effects of water and cyclic loading on the deformation
characteristics and mechanical strength of soft rocks in
Southwest China. Subsequently, the effect of water is dis-
cussed based on the results, and a prediction model for

hydrogenic damage in soft rocks is proposed. Finally, the
boundary state of fatigue damage and the fatigue mechanism
are comprehensively discussed. +e hypothesis is that the
results and conclusion could provide useful references for
the stability evaluation of soft rock projects under the action
of storm and carrier dynamics.

2. Materials and Methods

2.1.ExperimentalMaterials. +e soft rocks used in this study
were muddy siltstone and silty mudstone of the lower group
of the Guankou Formation (K1g1), taken from an engineered
slope of a low- and intermediate-level radioactive waste
disposal project in Sichuan Province, China. Rainfall is an
important factor for the stability of slopes and the security of
disposal sites. +ese two kinds of rocks are also widely used
as backfill subgrade materials in airports, such as the
Nanchong, Bazhong, and Luzhou airports located in the
Sichuan Basin. Obvious postconstruction settlement de-
formation of the runway under carrier loading appeared in
these airports because of the mechanical property changes
associated with such soft rocks. +erefore, these two types of
rocks were tested for their potential applications for a new
specific site or a project (i.e., airport subgrade and slope of
nuclear waste disposal site). +e physical parameters of the
rock samples were measured, and their average values are
given in Table 1. +e muddy siltstone is composed of quartz,
feldspar, rock chips, calcite, clay, and other minerals, in-
cluding clay content of 17%–19%, and the silty mudstone is
composed of sericite, quartz, calcite, clay, and other min-
erals, in which the clay content is 21%–25%. +e clay
minerals in the two soft rocks were mainly montmorillonite
and hydromica, which are highly hydrophilic and dominate
the characteristics of the rocks to swell and disintegrate when
they encountered water, as shown in Table 2.

2.2. Uniaxial Compressive Strength and Deformation Test.
+e uniaxial compressive strength and compressive defor-
mation tests of two soft rocks were carried out using the
MTS 815 rock testing system (MTS Testing Industries, Eden
Prairie, MN, USA). +e test procedure was controlled by
axial displacement, and the loading speed was 0.1mm/min.
Natural and saturated rock samples taken from the same
rock mass with similar initial structural characteristics and
mechanical properties were selected to measure the me-
chanical and deformation properties. In this case, the sat-
urated rock samples were saturated for 24 hours using the
vacuum pumping method.

2.3. Slake Durability Test. +e slake durability index of the
two soft rocks was measured by an XYN-1 slake durability
tester (XINYU instrument, Taizhou, Jiangsu, China). In the
test, the specimens were placed into a drum and then dried at
105°C–110°C until no mass change was observed. +e drum
with soft rock is mounted in the trough and coupled to the
motor. +e trough is filled with distilled water at room
temperature to a level 20mm below the drum axis.+e drum
was rotated at 20 rpm for a period of 10min and then dried
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with the specimen retained in the oven at the same tem-
perature to determine the oven-dried mass. Last, the above
slaking process was repeated for a second cycle to calculate
the slake durability index.

2.4. Triaxial Test with Cyclic Loading. +e natural state rock
sample was placed into MTS 815 to measure the dynamic
mechanical properties by triaxial tests with cyclic loading.
+is test was carried out based on applying axial and lateral
confining pressure to the rock specimen. In the testing
process, the confining pressure remained constant, and then
cyclic loading with axial equal amplitude was applied. +e
stress condition was simulated by keeping the confining
pressure σ3 constant and then applying an axial static load
σ1, the size of which was taken as σ3+1/2σd, where σd was the
amplitude of the cyclic loading. +e loading mode was load-
controlled, with a loading speed of 15 kN/min for axial
loading, and the loading stopped when the axial stress
reached σ1. On this basis, the axial static load σ1 was used as
the vibration centre value, and 1/2σd was used as the am-
plitude to apply load to rock samples. As for the value of
amplitude, it was as the one that could help investigate the
influence of axial load in triaxial test with cyclic loading and
boundary axial load which caused the failure of soft rock so
that several values of amplitude were taken as test param-
eters in a certain confining load condition. In this test, the
confining pressure was taken as 0, 1.5, and 3MPa, and
estimated axial loads are selected into Table 3.+e frequency
was defined based on the main frequency of irregular vi-
bration generated by traffic load acting on the foundation,
which generally ranges from 0.5 to about 5Hz. In this re-
search, 1Hz was selected as loading frequency which was
similar to the previous report [25, 26].

3. Results

3.1. Rock Degradation Subjected to Water. +e stress-strain
curves of uniaxial compressive strength tests for natural and
saturated rock samples are given in Figure 1, displaying the
stress in the natural rock sample decreasing rapidly after
reaching the peak strength, which demonstrated an obvious
brittle characteristic. In contrast, the stress in the saturated
sample decreased more slowly than the stress in the natural

sample after reaching the peak with a prominent strain-
softening phenomenon, indicating that water had a soft-
ening effect on both soft rocks. In addition, the peak
compressive strength of the saturated rock samples was
significantly lower than the peak compressive strength of the
natural samples, which decreased from 25.76–21.35MPa to
17.04–7.07MPa for muddy siltstone and from
17.65–9.94MPa to 11.3–5.59MPa for silty mudstone. As
mentioned previously, the initial structural characteristics
and mechanical properties of the two-state rock samples
were similar. +us, we could assume that the mechanical
properties of muddy siltstone and silty mudstone were
degraded by water.

3.2. Rock Degradation Subjected to Cyclic Loading. +e
degradation processes of muddy siltstone and silty mud-
stone were studied according to the experimental method
described previously and are shown in Figures 2 and 3. +e
figures illustrate the curves of axial accumulated strain εd
with the number of cyclic loadings N for different combi-
nations of confining pressures with the dynamic load. +e
results showed that the axial accumulated strain tended to be
stable or increased slowly after 2000 loading cycles, indi-
cating that some rock samples did not fail at this time, and
the effect of cyclic loading on the soft rock was only a small
amount of plastic deformation. Furthermore, when the
applied cyclic loading σd increased, εd gradually became
larger. +en, after the loading times exceeded a certain limit,
εd changed abruptly and increased steeply, finally resulting
in the failure of the rock samples. +e results of damaged
samples indicated that cyclic loading first produced fatigue
damage to the soft rock, resulting in plastic deformation of
the sample, and with the increasing number of loading times,
the resulting fatigue damage gradually accumulated. When

Table 1: Average physical parameters of soft rocks.

Soft rock Water content (ω) Natural density (ρ0) Saturation density (ρw) Specific gravity (Gs) Statistical quantity(%) (g/cm3) (g/cm3)
Muddy siltstone 3.82 2.50 2.51 2.74 11
Silty mudstone 5.91 2.48 2.47 2.74 10

Table 2: Disintegration resistance index and expansion rate of soft rocks.

Soft rock Muddy siltstone Silty mudstone
Disintegration resistance index (%) 86.01 78.52
Free swelling rate (%) 7 19
Expansion force (kPa) 0 0.22
Water saturated absorptivity of rock (%) 4.92 5.72

Table 3: Test parameters in triaxial test with cyclic loading.

σ3 (MPa) Estimated amplitude σd
(MPa) Loading mode Frequency

(Hz)
0 10 12 14 16 18 20 Load-

controlled 11.5 20 24 28 32 36 40
3 42 44 46 48 52 55
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the accumulated damage reached a certain amount of soft
rock, rock failure occurred. As we concluded, with the same
circumferential pressure σ3, the rock sample gradually
progressed from undamaged to failing as the cyclic loading
σd increased, demonstrating that the applied cyclic loading
was the key to conducting the occurrence of failure in the
rock sample.

4. Discussion

4.1. Damage Effect of Water on Soft Rocks. +e origin of
mechanical property damage of soft rocks under water
action could be analysed in terms of the mineral compo-
sition of the rock as well as structural characteristics. As
mentioned in the Introduction, the strength damage of soft
rocks was rooted in their internal structural adjustment
[11, 12, 14]. +e results of these studies also pointed out that
soft rocks provided transport channels in the microstructure
for water to enter the interior of the rock. +e mineral
identification results showed that there were 17%–19% and
21%–25% mass percentages of hydrophilic clay minerals in
the muddy siltstone and silty mudstone, respectively. +e
water molecules entering the pore structures would interact
with the clay particles, and water absorption and swelling
would occur, resulting in some of the rock particles dis-
integrating and flaking off, finally leading to internal
structure changes and strength reduction of rock [27].

Since soft rocks exhibit mechanical property damage due
to the disintegration of rock particles under the action of
water, there should be some correspondence between the
disintegration characteristics of rocks and their mechanical
strength changes. +erefore, the correspondence between

the disintegration characteristics and the mechanical
strength is given in Figure 4, where the disintegration
characteristic is portrayed using the slake durability index
[28], while the mechanical strength is characterized by the
ratio of the saturation compressive strength σcs to the natural
compressive strength σc. As shown in Figure 4, there was a
good linear relationship between the two variables, and the
correlation coefficients were 0.9433 and 0.9471 for muddy
siltstone and silty mudstone, respectively, after fitting the
rocks, which verified the mechanism of water damage to
rocks discussed in the previous section, and the strength
damage DW of rocks by water could be quantified and
characterized by the disintegration resistance index; see
Equations (1) and (2).

muddy siltstone :DW � 1 −
σcs

σc

� 1 −
a − 0.6108
0.4025

,

(1)

silty mudstone :DW � 1 −
σcs

σc

� 1 −
a − 0.5254
0.4861

(2)

Furthermore, Equations (1) and (2) could also be used to
predict the strength decay characteristic of this type of soft
rock under storm conditions and provide the corresponding
parameter for the safe design of soft rock projects.

As mentioned above, the two rocks softened under the
action of water. Hence, their deformation characteristics
would also be clearly related to the action of water. Based on
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Figure 1: Stress-strain curves through the uniaxial compressive strength (UCS) test: (a) muddy siltstone; (b) silty mudstone.
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the test, both the muddy siltstone and the silty mudstone
swelled at different scales when interacting with water, which
could be considered an objective manifestation of the de-
formation of soft rocks. Furthermore, the stress-strain
curves of the two rocks softened by water in Figure 1 were
significantly different from the stress-strain curves of the
natural rocks in the process of deformation under pressure,
and the corresponding elastic modulus was reduced. Con-
sequently, rock swelling that reflects the objective expression
of the deformation characteristics and elastic modulus,
which are theoretical parameters indicating the deformation
characteristics of soft rock, should have a mutual connec-
tion. To explore the interrelationship between the two, the
relationship curve was made with the free swelling rate b and

the ratio of the modulus of elasticity Es of saturated rock
samples to the modulus of elasticity E of natural rock
samples, which is shown in Figure 5. Although b and Es/E
did not show a perfect linear relationship, the trend showed
that Es/E decreased as the free swelling rate increased, in-
dicating that the modulus of elasticity of saturated rock
samples decreased, reflecting the softening of rocks in the
water and showing plastic deformation characteristics.

4.2. Mechanical Damage of Soft Rock under Cyclic Loading.
+e axial loading of σd that led to a final failure was selected
and is displayed in Table 4, showing that confining pressure
was an important parameter affecting the mechanical
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Figure 2: Degradation of muddy siltstone under cyclic loading: (a) σ3 � 0MPa; (b) σ3 �1.5MPa; (c) σ3 � 3MPa.
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strength and indicating that increasing the confining pres-
sure could improve the resistance of the rock sample to
cyclic loading.

To study the damage to the mechanical strength of soft
rocks by cyclic loading, the minimum and maximum
values of dynamic loadings in Table 4 that caused failure
were selected with confining pressure to derive the shear
strength of soft rocks based on the Mohr–Coulomb cri-
terion, and the results displayed a reduction in cohesion
from 2.79MPa to 1.93MPa for muddy siltstone and
2.95MPa to 1.07MPa for silty mudstone, illustrated in
Figure 6. With higher σd, the number of cyclic loadings
that caused the samples to fail decreased, as shown in
Figures 2 and 3, which meant that Figure 6(a) suffered
more dynamic loadings than Figure 6(b), and the dynamic

loadings were the same in Figure 6(c) as in Figure 6(d). As
a consequence, the sample that suffered fewer loading
cycles displayed a higher shear strength of cohesion, such
as the results shown in Figures 6(b) and 6(d), demon-
strating that the shear strength of soft rock decreased as
the number of dynamic loadings increased, and the fatigue
damage caused by cyclic loading to soft rock increased.
Furthermore, the shear strength of the friction angle
remained almost the same in Figure 6, indicating that
dynamic loading would not damage the shear strength.
+is assumption of no change in friction angle was also
formulated in the laboratory tests [23, 29, 30]. For rocks,
the decrease in strength over time resulted from decreased
cohesion, while the friction angle remained constant.
Consequently, the shear strength degradation under cyclic
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Figure 3: Degradation of silty mudstone under cyclic loading: (a) σ3 � 0MPa; (b) σ3 �1.5MPa; (c) σ3 � 3MPa.
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loading could be seen as the reduction of cohesion of soft
rock, but not the internal friction.

In addition, the dynamic boundary loadings that did not
cause the failure of rock samples were stated as 12.5, 30, and
50MPa for muddy siltstone and 10, 20, and 50MPa for silty

mudstone. +ese values were used to derive the stiffness of
soft rocks under different times of cyclic loading, including
the dynamic elastic modulus Ed and the dynamic shear
modulus Gd, as shown in Figure 7. +e results illustrated that
the dynamic elastic and shear modulus tended to decrease as
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Figure 4: Relationship between strength damage and slake durability index: (a) muddy siltstone; (b) silty mudstone.
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Figure 5: Relationship between deformation and free expansion rate: (a) muddy siltstone; (b) silty mudstone.

Table 4: σd (MPa) that leads to a final failure for soft rocks.

Soft rock σ3 � 0 σ3 �1.5 σ3 � 3
Muddy siltstone 14; 14.5; 19 32; 35; 37 51; 53; 55
Silty mudstone 12; 16; 20 26; 32; 36 52; 54
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the cyclic loading times increased. +erefore, more serious
fatigue damage occurred with increasing loading time.
Meanwhile, the greater the confining pressure was, the less
reduction of the dynamic parameters acquired. Consequently,

a certain amount of fatigue damage would occur under cyclic
loading, which was manifested in the macroscopic damage of
mechanical properties, such as the reduction of dynamic
elastic modulus and dynamic shear modulus.
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Figure 6: Shear strength results based on the Mohr–Coulomb criterion: (a) muddy siltstone with higher N; (b) muddy siltstone with lower
N; (c) silty mudstone with higher N; (d) silty mudstone with lower N.

8 Advances in Civil Engineering



5. Conclusions

Based on uniaxial compression and triaxial tests with cyclic
loading of soft rocks in southwest China, the deformation
characteristics and mechanical properties of rocks subjected
to water and cyclic loading were studied. In this paper, the
damage performance of water on soft rocks was discussed,
and the mechanical properties of fatigue damage of soft
rocks were analysed, reaching the following conclusions:
Water-rock interactions in soft rocks reduce the strength
properties from 25.76 to 21.35MPa to 17.04–7.07MPa for
muddy siltstone, and from 17.65 to 9.94MPa to
11.3–5.59MPa for silty mudstone, which was correlated with
disintegration resistance. Meanwhile, soft rocks exhibited a
softening phenomenon due to water absorption and rock
expansion, exhibiting a decrease in the elastic modulus.
With the same circumferential pressure σ3, the rock sample
gradually progressed from undamaged to failing as the cyclic
loading σd increased. During cyclic loading, the shear
strength of cohesion decreased from 2.79MPa to 1.93MPa
for muddy siltstone and 2.95MPa to 1.07MPa for silty
mudstone, but the friction angle remained almost the same.
Additionally, the dynamic elastic modulus and dynamic
shear modulus decreased with increasing loading time,
demonstrating stiffness degradation in soft rock.

However, a quantitative expression of the relationship
between the number of loading cycles and shear strength
degradation was not obtained. To understand the foundation
deformation and safety under the loading of carrier dy-
namics, further study will be necessary to establish such a
functional relationship.
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