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Abstract
The mechanical properties of rockmaterials are remarkably affected by water content. To reveal the effect of water content on the
strength and deformation properties of siltstone, which was collected from the quarry of Zhundong Coalmine, the scanning
electron microscope and uniaxial compression tests of siltstone specimens were carried out with a water content of 0%, 0.5%,
1.5%, and 2.8%. Conventional triaxial compression test was conducted in dry and saturated conditions. The test results showed
that the strength and deformation parameters of siltstone are weakened with different degrees after water absorption. The
deformation of the plastic yield stage in the stress-strain curve decreases with rising of water content, while the loss rate of
uniaxial compression strength continues to increase until reached saturated state. The strength of dry and saturated specimens
varies regularly with confining pressure, and their relationship can be described with the exponential criterion. In addition, it is
observed that microscopic damage of siltstone specimens accumulates as water content increases. The hydration of clay minerals
reduces the local cohesion of specimens, and the hydrolysis of quartz minerals in crack tip region promotes subcritical crack
growth during the loading process, which collaboratively results in the bearing capacity of saturated specimen decrease. The
results can provide a reference for the analysis of rock strength and damage mechanism under the action of water erosion.
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Introduction

Rock strength is one of the main mechanical properties.
Besides the influencing of internal microstructure and miner-
alogical composition, water is also an important factor affect-
ing the strength (Burshtein 1969; Hawkins and McConnell
1992). The strength of rock will weaken after encountering
water, which triggers many engineering problems, such as
roadway collapse, slope instability, and tunnel surrounding
rock damage (Iverson 2000; Hudson and Harrison 2000;
Bian et al. 2019).

The effect of water on the mechanical characteristics of
rock materials has been investigated extensively in recent
years. Lots of research have shown that the strength may sig-
nificantly be lowered with a small increase in water content,
especially sedimentary rock such as siltstone, sandstone, ar-
gillaceous sandstone, and mudstone (Baud et al. 2000; Zhang
et al. 2014; Torres-Suareza et al. 2014; Lu et al. 2017). The
strength, deformation, and failure characteristics of clay soft
rock are closely related to water content. The uniaxial com-
pression strength (UCS), shear strength, and elastic modulus
under saturation state are reduced by about 90% compared
with dry, much of the strength loss occurred in the range of
0~2%water content (Erguler and Ulusay 2009; Hu et al. 2014;
Bian et al. 2019). There is a positive correlation between the
effective porosity and water content of sandstone, and its sen-
sitivity to water depends largely on effective porosity
(Vásárhelyi and Ván 2006; Wong et al. 2016). Besides, the
tensile strength, deformation modulus, and fracture strengths
of sandstone decrease when saturation degree increases
(Hashiba and Fukui 2015; Roy et al. 2017; Chen et al.
2019). From the microscopic view, the microscopic structural
characteristics of the rock, such as the geometry of fissures,
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the composition of clay minerals, and the contact mode of
particles all have a noticeable impact on the strength during
the physical and chemical interaction with water (Hadizadeh
and Law 1991; Verstrynge et al. 2014; Liu and Cao 2016; Wu
et al. 2019).

In addition, the strength and deformation properties of the
rock are affected by confining pressure, and its strength in-
creases when confining pressure increases (Haimson 2006;
Yang et al. 2012). If the impact of intermediate principal stress
on the strength is not considered, the Coulomb criterion and
the Hoek-Brown criterion are widely used in rock mechanics
research (Hoek 1990; Sofianos and Nomikos 2006;
Bagheripour et al. 2011). The strength linearly changes with
confining pressure in small stress range, and their relationship
can be expressed with the Coulomb criterion. However, ex-
perimental studies have shown that the strength rising rate of
the cylindrical specimen gradually decreases with confining
pressure and the strength is a nonlinear increase (Mogi 2007).
The Hoek-Brown criterion is only an empirical equation with-
out a clear physical background and gives a high estimate of
experimental data under high confining pressure (You 2011).
You M proposed an exponential strength criterion which is
considered that cohesion and friction of rock cannot act at
the same location simultaneously, and the fitting results of this
criterion are better than the existing conventional triaxial
strength criteria (You 2010). At present, lots of research results
are about the effect of water on UCS, while the mechanical
characteristics of siltstone under the confining pressure and
water are still inadequate (Chang and Haimson 2007; Li
et al. 2012). Therefore, it is necessary to implement the triaxial
compression test to obtain more mechanical properties of
siltstone.

In this paper, siltstone specimens after water absorption
treatment were taken as a research object and a series of
experiments were conducted. Scanning electron micro-
scope (SEM) and X-ray diffraction (XRD) tests were car-
ried out to obtain the microstructure features and the min-
eral composition. In addition, uniaxial and triaxial com-
pression tests were implemented to measure the mechan-
ical parameters of strength and deformation with different
water content. According to the results of SEM, the weak-
ening mechanism of siltstone after water absorption was
analyzed from the microscopic perspective, which is im-
portant for damage analysis of engineering rock strength
under the action of water erosion.

Specimen preparation and testing procedure

The siltstone material used in the study was collected
from the quarry of Zhundong Coalmine. It is an open-
pit mine and located in the northeast of Xinjiang,
China. In order to diminish the scattering due to the

anisotropy between the specimens, the core was drilled
in the same direction and then cut into a cylindrical
specimen with a diameter of 50 mm and a height of
100 mm. According to the rock mechanics standard
measurement method, all specimens were polished to
make the end surfaces perpendicular to the longitudinal
axis within 0.02 mm (ISRM 1978). The specimens were
weighed after placing indoors for one week. The natural
d en s i t y o f t h e spec imen i s i n t h e r ange o f
2179.5~2309.9 kg/m3, the average value is 2239.1 kg/
m3, so the specimens are relatively homogeneous.

The rock specimens are shown in Fig. 1. The dry spec-
imens are light gray and its texture is dense. There are no
visible defects in the specimen appearance. The speci-
mens turned dark gray and the water became turbid after
soaking. When the specimen reached saturation state, its
volume expanded by about 1.24%. The siltstone has a
weak swelling potential. Figure 1c shows the electron
spectroscopy of siltstone.

The mineral compositions of siltstone were measured
with an X-ray spectrometer technique and the test results
are listed in Table 1. As can be seen from Table 1, this
siltstone is mainly composed of quartz (70.7%), albite
(11.8%), calcite (2.6%), and clay minerals (14.9%) which
are mostly illite and kaolinite. The porosity of siltstone is
approximately 6.8%.

At a temperature of 110 °C, the cylindrical specimens were
dried for 24 h in the oven. Subsequently, they were divided
into 4 groups and the weights of the dried specimens were
measured after cooling to ambient temperature. Specimens
were treated by the way of natural water absorption to obtain
the different water content.

First, they were placed into the container and pure water
was injected to 1/4 specimen height. Subsequently, water was
injected to 1/2 specimen height and 3/4 specimen height every
2 h, respectively. The specimens were completely submerged
after 4 times of water injection according to the standard mea-
surement method (SL264-2001 2001). The water content was
measured by weight at time intervals of 2 h. After 24 h, the
time interval between measurements was increased to 4 h, and
a larger interval was later adopted until the weight of the
specimen remained unchanged. When specimens were taken
out of the water container, their surfaces were coated with
paraffin and wrapped with a waterproof membrane in time
to prevent water loss.

To reveal the mechanical properties of siltstone in
different water content conditions, the uniaxial and con-
ventional triaxial compression tests were implemented in
RMT-150C rock mechanics test system. All tests were
implemented by displacement control with a constant
axial loading rate of 0.002 mm/s. The confining pres-
sure loading rate is 0.1 MPa/s, and the control range of
confining pressure is 5–40 MPa.
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Experimental results

Determination of water content

At ambient temperature, the dry specimens were put into the
water container, and the water content was determined by the
weight increase of the specimen at different times during the
natural water-saturated process. Therefore, the water content
in the specimen can be defined as follows:

wt ¼ mt−mdð Þ=md � 100% ð1Þ
where wt is the water content of the specimens after soaking
for t hours,mt andmd are the mass of wet specimen at soaking
time t and dry specimen, respectively.

Figure 2 shows the change of water content with immer-
sion time for three siltstone specimens during the process of

saturation. The water content of specimen nonlinearly in-
creases with immersion time and the process is roughly com-
posed of three stages: a rapidly rising stage, a slowly rising
stage, and finally saturation. It is consistent with the water
absorption process of coal and black sandstone (Yao et al.
2015; Tang 2018). The water content increased rapidly in
the first 24 h, which is nearly linear with the water absorption
time. Subsequently, the water absorption rate gradually
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Fig. 2 Relationship of water content and soaking time for siltstone
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(a) Dry specimens (b) Saturated specimens

(c) The electron spectroscopy of siltstone.

Fig. 1 The siltstone specimens
and the results of the X-ray dif-
fraction spectrum test

Table 1 Mineral content of siltstone specimens

Composition Chemical formula Content (%)

Quartz SiO2 70.7

Albite (Na0.98Ca0.02)(Al1.02Si2.98O8) 11.8

Illite 2K2O·3MgO·Al2O3·24SiO2·12H2O 8.7

Kaolinite Al2Si2O5(OH)4 6.2

Calcite CaCO3 2.6
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decreases, and it is close to saturation after 72 h. Finally, the
specimen reaches the water saturation level, and the corre-
sponding water content is approximately 2.8%.

The water content of these three specimens changed con-
sistently with soaking time, indicating that the rock specimen
was homogeneous. To better show the weakening of water
content on the UCS, we selected four representative water
contents of 0%, 0.5%, 1.5%, and 2.8% as the test target, and
they are corresponding to a different soaking time which is
about 0, 4, 25, and 192 h, respectively.

Uniaxial compressive test results

The uniaxial compression stress-strain curve

Figure 3 shows the uniaxial compression stress-strain curves
of siltstone in different water content conditions. As shown in
this figure, the specimens have experienced microcrack com-
pression, elastic deformation, plastic yield deformation, and
post-peak failure stages during the process of compressive
deformation. The deformation of the specimen in the plastic
yield stage decreases with rising of water content. When the
water content exceeds 1.49%, the post-peak stress of speci-
men falls off quickly and it exhibits brittle fracture character-
istic. There are natural fissures in the specimen; the porewater
in the specimen is squeezed during the loading process, which
results in the porewater pressure increase and the stress con-
centration at the crack tip region, so the cracks are easier to
expand (Zhou et al. 2018). In addition, the UCS, elastic mod-
ulus, and peak strain of specimen all decrease when water
content increases. The siltstone produced weakened damage
after absorbing water and the higher the water content, the
more obvious the weakening phenomenon is.

Table 2 presents the test results of uniaxial compression
tests of siltstone. As shown in Table 2, the strength of the
specimen has a varying degree of scattering from the test
results, which is related to the heterogeneity of the rock. To
better show the effect of water content on the UCS, the
strength loss rateKs is also given in the table at different water
content. It is defined as (Wong et al. 2016):

Ks ¼ UCSdry−UCSw
� �

=UCSdry � 100% ð2Þ

where UCSdry and UCSw are the UCS of the dry and wet
specimen with water content w, respectively.

As shown in Table 2, the UCS of three specimens in the dry
condition range from 70.5 to 79.2 MPa, the variation range is
11%, and the average value is 75.2 MPa. The UCS in the
saturated condition range from 35.2 to 39.4 MPa, the variation
range is 10.7%, and the average value is 37.5 MPa. Comparing
the variation range of UCS in these two conditions, the scatter-
ing of UCS is not affected by the increase in water content.

Influence of water content on UCS

Figure 4 shows the UCS and the average value of each group,
and the fitting curve of water contents with strength is also
given in this figure. In Fig. 4, the UCS gradually decreases
when the water content increases. Compared with the dry
specimens, the average strength of three saturated specimens
is reduced by 50.1%. If the AU4-2 specimen with the highest
water content (2.82%) is calculated, the strength loss rate will
be greater, indicating that the UCS of siltstone is significantly
affected by water content.

The UCS of 12 siltstone specimens varies nonlinearly with
water content. It is found that their variation law can be
expressed with the following exponential equation (Hawkins
and McConnell 1992):

σc wð Þ ¼ a0e−bw þ a1 ð3Þ
where σc is the UCS, w is water content, a0, a1, and b are
constants. When the water content is zero, the compressive
strength is a0 + a1. The parameter b is the strength loss rate
when the water content increases. As shown in Fig. 4, expo-
nential Eq. (3) can well describe the variation trend of UCS
with water content. The best fitting results of the three param-
eters are a0 = 17.71, a1 = 57.44, and b = 0.383. The correlation
fit results are given in Table 3.

Influence of water content on deformation

The test results of elastic modulus and peak strain are given in
Fig. 5. As shown in this figure, the peak strain and the elastic
modulus gradually decrease with increasing water content. In
Fig. 5a, the average value of the elastic modulus of dry spec-
imens is 16.1 GPa and the saturated specimen is 10.6 GPa; the
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elastic modulus loss is about 34.0%. Compared with the UCS
loss rate of 50.1% in the two conditions, the water content has a
greater weakening effect on the UCS during the plastic defor-
mation stage. This can also be proved in Fig. 3 that when the
water content exceeds 1.49%, the stress-strain curve has almost
no plastic yielding platform before reaching the peak stress.

The elastic modulus decreases nonlinearly with the in-
crease of water content; it is similar to the variation law of
UCS with water content, which can also be described by the
exponential Eq. (3).

In Fig. 5b, the average peak strain of dry and saturated
specimens are 6.473 × 10−3 and 4.987 × 10−3, respectively.
The peak strain reduction is about 22.9%, while the elastic
modulus reduction is about 34.0%, indicating that when the
water content is high, the specimen has a small plastic yield
deformation before reaching the peak strain and shows more
brittle failure characteristics.

The peak strain varies linearly with water content, and their
variation law is different from UCS and elastic modulus. The
relationship between water content and peak strain can be
expressed with the linear equation:

ε wð Þ ¼ c‐c1w ð4Þ

where c and c1 are constants, and ε(w) is the peak strain.
The peak strain of dry specimen is c, and c1 is the influence
coefficient of the water content on the peak strain. The fitting
result of siltstone is c = 6.444, c1 = 0.528. The correlation fit
results are also listed in Table 3.

Triaxial compressive test results

The triaxial compressive stress-strain curve

The conventional triaxial compressive stress-strain curves of
siltstone specimens are given in Fig. 6. The mechanical pa-
rameters of triaxial tests are presented in Table 4. In Fig. 6,
besides the impact of confining pressure, the deformation and
strength of siltstone are also affected by the water. In Fig. 6a,
the elastic deformation of dry siltstone specimen is obviously
increased with the increase in confining pressure, the bearing
capacity of the specimen is improved, the plastic yielding
platform appears near the peak stress, and the range of the
yielding platform is greater when the confining pressure is
higher. It indicates that under the high confining pressure,
the plastic deformation near the peak stress continues to in-
crease, but the bearing capacity of the specimens no longer
increases. This phenomenon can be explained that during the
process of plastic yielding, the cohesion of the material is
destroyed and converted into frictional bearing capacity, but
macroscopic fracture surface is not formed. The increase of
deformation can only cause more materials to break, and the

Table 2 Physicomechanical
parameters of siltstone in uniaxial
compression with different water
content

Specimen no. Density

(ρ)/kg m−3
Water content

(w)/%

Peak stress
(σc)/MPa

Elastic modluls
(E)/GPa

Peak strain

(ε)/10−3
Strength loss
rate (KS)/%

AU1-1 2209.6 0 75.8 15.47 6.434

AU1-2 2179.5 0 79.2 16.08 6.631 0

AU1-3 2223.2 0 70.5 16.66 6.353

AU2-1 2194.6 0.517 62.2 14.45 6.002

AU2-2 2231.7 0.474 67.1 13.71 6.231 13.6

AU2-3 2201.4 0.526 65.4 14.83 6.258

AU3-1 2281.1 1.488 53.3 10.82 5.758

AU3-2 2226.1 1.513 51.4 12.18 5.664 34.2

AU3-3 2246.8 1.561 43.6 11.28 5.437

AU4-1 2291.1 2.792 37.9 9.82 5.255

AU4-2 2263.2 2.824 35.2 10.99 4.526 50.1

AU4-3 2277.5 2.743 39.4 11.13 5.181
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Fig. 4 Variation of UCS with water content for siltstone specimens
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axial stress does not continue to increase. There is residual
strength of specimens in the post-peak stage, which mainly
depends on the friction between the cracks to bear the load,
and it increases when confining pressure increases. In Fig. 6b,
the strengths of the saturated specimens are significantly re-
duced, and most of them make the stress drop when the load
reaches the peak strength. The yield platform near the peak
stress is obviously reduced, which is related to the water
weakening the bond between the materials during the plastic
deformation process, and the frictional bearing capacity is
reduced, which facilitates to the development of cracks. In
addition, except for the specimenwith 40MPa confining pres-
sure, the other specimens’ peak strain all have varying degrees
of reduction, especially the deformation of the elastic stage.

Table 4 shows the siltstone test results of triaxial compres-
sion in dry and saturated conditions, and the relevant mechan-
ical parameters are also presented in the table. As shown in
Table 4, in addition to the elastic modulus of saturated silt-
stone, the peak and residual stress, elastic modulus, and peak
strain all increase with confining pressure increases. The re-
sidual strength has a great scatter. In order to better obtain the
variation law of residual strength with confining pressure,
more test results are needed to be provided. Compared with
the dry specimen, the mechanical parameters of the saturated
specimen are weakened under the same confining pressure.
For example, the elastic modulus weakening coefficient which
can be obtained by the ratio of saturated specimens’ elastic
modulus to dry specimens is 80.3% at 10 MPa, and the

corresponding peak strain weakening coefficient (the ratio of
saturated specimens’ peak strain to dry specimens) is 87.7%.
It shows that plastic deformation is more susceptible to water
than elastic deformation in the pre-peak stage.

Strength criterion

The Coulomb criterion has a clear physical background, that
is, the shear strength is composed of the cohesion and internal
friction of the rock materials. The expression of its principal
stress form is

σs ¼ Qþ Kσ3 ð5Þ
where σ3 is the minimum principal stress, σs is the maximum
axial stress, Q is equivalent to the UCS, and K is the influence
coefficient of the confining pressure on the triaxial strength.
Equation (5) indicates that the triaxial compression strength
linearly increases with the confining pressure. However, the
results of the conventional triaxial test on many rocks show
that the strength curve is convex under confining pressure
(Mogi 2007). When the confining pressure is zero, the
strength curves of some rocks may be discontinuous, namely,
the rock may exhibit axial splitting failure rather than shear
failure under the low confining pressure.

There are various sizes of fissures and pores in the rock,
and the cohesion and friction of rock cannot act at the same
location simultaneously. The true cohesion of rockmaterials is
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Fig. 5 Variation of deformation parameters with water content for siltstone. a Elastic modulus. b Peak strain

Table 3 Fitting results of
mechanical parameters with the
water content

Mechanical properties Fitting equation Correlation coefficient R2

UCS σc(w) = 17.71 + 57.44e
−0.383w 0.965

Elastic modulus E(w) = 9.79 + 6.35e−0.796w 0.936

Peak strain ε (w) = 6.444−0.528w 0.998
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independent of confining pressure, and the internal friction
increases with confining pressure or normal stress increases.
Based on this view, You M. proposed an exponential strength
criterion (You 2010)

σs−σ3 ¼ Q∞− Q∞−Q0ð Þexp −
K0−1ð Þσ3

Q∞−Q0

� �
ð6Þ

where Q0 is the UCS; Q∞ is the limit value of differential
principal stress when the confining pressure increases to infi-
nite. Q∞/2 can be used as the maximum shear stress that rock
can carry; K0 is the initial rising rate of triaxial compression
strength when confining pressure is zero, which correspond-
ing friction angle can be used as the low estimation of the
fracture friction angle (Li and You 2016). The result of fitting
the test data of formula (6) is recorded as EX (Q0, Q∞, K0;
mfE), so the result of formula (5) is recorded as CO (K,Q;mfc).
The strength criterion fitting parameter is determined based on

the least mean misfit (mf), which is slightly different from the
result based on the least square method. The exponential
strength criterion can better fit the test results than other con-
ventional triaxial strength criteria and highlight the abnormal
data points (You 2010, 2011).

Triaxial compression strength and deformation test results

Figure 7 shows the strength varies with confining pressure of
dry and saturated specimens. The fitting results of the expo-
nential strength criterion are also shown in the figure. As
shown in Fig. 7, the siltstone strength is significantly increased
under the confining pressure. On the one hand, the failure of
the specimen is related to the weak planes existing inside of it.
The frictional bearing capacity of weak planes is improved
with the confining pressure increases.When the slip resistance
provided by the friction is greater than the shear stress caused
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Fig. 6 The triaxial compression stress-strain curves of siltstone in different conditions. a Dry condition. b Saturation condition

Table 4 Physicomechanical parameters of rock specimens in dry and saturated conditions under triaxial compression

Specimen
no.

Density
(ρ)/kg m−3

Water content
(w)/%

Confining
pressure
(σ3)/MPa

Peak stress
(σs)/MPa

Residual
stress
(σr)/MPa

Elastic modluls
(E)/GPa

Peak
strain (ε)/10−3

AT1-1 2193.7 0 5 95.6 57.2 15.38 11.063

AT1-2 2250.1 0 10 124.5 71.6 16.29 13.153

AT1-3 2261.9 0 20 169.0 83.8 18.52 14.842

AT1-4 2253.3 0 30 208.9 145.6 18.95 16.118

AT1-5 2280.1 0 40 236.1 156.8 19.80 18.182

AT2-1 2259.7 2.867 5 76.6 29.7 11.81 7.927

AT2-2 2309.9 2.839 10 111.2 52.5 13.08 11.537

AT2-3 2318.9 2.811 20 138.1 81.9 12.14 14.279

AT2-4 2289.8 2.755 30 165.1 135.4 11.51 16.584

AT2-5 2284.3 2.771 40 185.4 142.4 11.98 24.637
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by the axial loading, the weak plane slip is suppressed. In
order to make it slip break, it is required to provide higher
shear stress in the axial direction; therefore, the triaxial
strength is improved under confining pressure. On the other
hand, the presence of water changes the distribution of fissures
and defects contained in the specimen, so the influence of
confining pressure is different.

Under the low confining pressure, the distribution of fis-
sures in the specimen can affect the strength of the rock. The
strength of siltstone varies linearly within 10MPa and satisfies
the Coulomb criterion, but the cohesion and friction angle
determined by this criterion are not true parameters of rock
materials, which is related to the fissures with a specific angle
inside a specimen. The differential stress varies nonlinearly in
the range of the test. The dry specimens’ strength is obviously
higher than saturated specimens under the same confining
pressure. When the confining pressure is less than 20 MPa,
the strength of the specimen increases rapidly with confining
pressure. After 20 MPa, the strength increases tend to be flat-
tened. The trend of strength changes can be determined with
the exponential criterion under the confining pressure. In Fig.
7, the strength of the saturated specimens tends to be constant
when the confining pressure increases to infinite. The differ-
ence of strength with dry specimen tends to reach 121 MPa,
which is determined using the exponential criterion. The shear
strength of siltstone reduces by 60 MPa due to water-
weakened effect and the strength loss rate is about 21.9%.

Compared with the UCS loss rate of 50.1%, it indicated that
the effect of confining pressure inhibits weakening of water on
strength, so the water-rich rock engineer should be timely
supported after excavation.

Table 5 shows the fitting results of the conventional triaxial
strength in two conditions based on the least absolute devia-
tion using the Coulomb and exponential criteria. As shown in
Table 5, the UCS obtained with Coulomb criterion is higher
than the average value of test results and the deviation is large,
and the fitting result of the exponential criterion is equivalent
to the experimental result. Based on the fitting deviation, the
fitting result of the exponential criterion is obviously better
than the Coulomb criterion.

The peak strain and elastic modulus variation with confin-
ing pressure is presented in Fig. 8. The elastic modulus and
peak strain are positively correlated with the confining pres-
sure in these two conditions. The elastic modulus increases
slightly as the confining pressure increases, and the elastic
modulus of saturated specimens are significantly lower than
the dry specimens. In this case, the influence of water-
weakening effect on the elastic modulus is greater than the
confining pressure. Except for the specimen of 40 MPa, the
peak strain of the saturated specimens is slightly smaller than
dry specimen under the same confining pressure. The influ-
ence of confining pressure on the peak strain is greater than
that of water, which is exactly opposite to the result of the
elastic modulus.

Analysis of microscopic damage mechanism

Effect of water content on microstructure

In order to reveal the changes of microstructure and mineral
morphology after encountering water, the SEM Quanta250
was used to measure the microscopic morphology features
of siltstone. Four cubic specimens with a side length of
10 mm were cut and polished from the same dried sample,
and then they were subjected to different water content,
respectively.

Figure 9 shows the SEM images of siltstone with different
water content. A small number of initial microcracks and mi-
cropores in the dry specimens and the mineral granules are
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Fig. 7 Strengths of siltstone specimens and fitting curves with the
exponential criterion

Table 5 Conventional triaxial strength fitting results with two kinds of strength criteria for siltstone in the dry and saturated condition.

Rock
types

Moisture
conditions

Average
UCS/
MPa

Coulomb criterion Exponential criterion

K Q/MPa mfC/MPa K0 Q∞/MPa Q0/MPa mfE/MPa

Siltstone Dry 75.2 3.19 77.5 5.11 5.72 274.2 73.7 2.62

Saturated 37.1 2.82 48.3 12.37 9.06 152.6 37.9 2.81
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dense and intact. The quartz and feldspar grains are mainly
surrounded by clay minerals (Fig. 9a). In the initial water
absorption stage, new microcracks are sprouted and the initial
microcracks begin to develop, the cement between granules
begins to decrease, and the intact particles gradually dissolve

and became loose (Fig. 9b). As the water content continues to
increase, in Fig. 9c, most of the micropores are connected to
form larger pores, and more microcracks sprout and develop.
Lots of loose small particles appear. The contact mode be-
tween granules changes from face-to-face to point-to-surface.

(a) w=0 (b) w=0.5%

(c) w=1.5% (d) w=2.8%

Fig. 9 Scanning Electron
Microscope photomicrographs of
siltstone specimens in different
water content. a w = 0. b w =
0.5%. c w = 1.5%. d w = 2.8%
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Fig. 8 Variation of deformation parameters of siltstone with confining pressure in the dry and saturated condition. a Elastic modulus. b Peak strain
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In Fig. 9d, the specimen reaches saturation state, both the size
and number of cracks are significantly increased and the open
cracks appear. The clay minerals are hydrolyzed and formed
irregular flocculent structure. The intergranular connections
become looser and the structure becomes porous. These phe-
nomena indicate that when siltstone specimen is saturated, the
cementation ability between some mineral granules is weak-
ened, even lost, which result in the decrease of macroscopic
cohesion.

The degradation of macroscopic mechanical characteristics
of siltstone after encountering water is closely associated with
the change of its microstructure.

Microscopic analysis of water absorption-weakening
damage

Themechanical characteristics of rockmaterials are complete-
ly different due to the difference of mineral composition and
cementation type. The weakened effect of water on rocks is
related to clay minerals and porosity. A series of chemical and
physical interactions between hydrophilic mineral materials
lead to weakening damage in siltstone after water absorption,
which affects the mechanical parameters such as strength and
deformation.

Figure 10 presents the schematic diagram of the specimen
water absorption process. In Fig. 10a, the pore structure and
the distribution of clay minerals are abstracted from the SEM
results of the dry specimen (Fig. 9a). The water molecules
flow into the sample under the driving force of capillary force,
surface adsorption force, and osmotic pressure, and a bound
water film is formed on the particle surface to weaken the
frictional effect between the particles. Subsequently, the large
pores and open cracks in the specimen are quickly filled with
water, and the clay minerals in the large pores absorb water
and expand. At this stage, the water content of the specimens
increases rapidly (Fig. 10a). As the water absorption time
increases, the water molecules gradually enter the micropores

and cracks, the soluble clay mineral dissolved, and the poros-
ity gradually increases. Finally, the specimen reaches a satu-
ration state (Fig. 10c).

In Fig. 10b, the gas in the space between intergranular
pores constantly replaced by water with the soaking time in-
creases. From a microscopic point, a thin liquid film is formed
and then the liquid bridge occurs between the mineral grains.
Considering the liquid bridge force acts as a part of cohesion
between the particles, it is significantly affected by the in-
crease of water content (Matthewson 1988; Soulié et al.
2006; Tsunazawa et al. 2016). To elaborate on the influence
of water on the particle cohesion, a simplified liquid bridge
model is presented in Fig. 11. The liquid bridge force includes
the axial component of the surface tension and the capillary
force, assuming that two particles have the same radius and
the liquid bridge between the particles is cylindrical, so it can
be expressed as a function of separation distance D between
two spheres (Olivier et al. 2000; Vincent et al. 2009):

Fcap ¼ 2πσRcosθexp −D=λð Þ ð7Þ

where σ is the surface tension; R is the radius of the sphere; θ
is the contact angle; λ can be obtained as a function of bridge
volume V and the sphere radius:

λ ¼ c V=Rð Þ1=2 ð8Þ
where c is a constant. Equation (7) is suit for the polydisperse
particle capillary force by setting c = 0.9.

When the two particles are in contact (D = 0), the liquid
bridge force reaches a maximum value 2πσRcosθ, and then it
falls off exponentially as the separation distanceD. The liquid
bridge is stable as long asD <Dmax which is critical separation
distance, if beyond the critical distance, it breaks into two
parts. The Dmax can be defined as (Lian et al. 1993)

Dmax ¼ 1þ θ
2

� �
V1=3 ð9Þ

(a) Dry state (b) Absorbing water state (c) Saturation state
Fig. 10 Diagram of the water absorption process of siltstone. a Dry state. b Water absorption state. c Saturation state
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It is obvious that the critical distance Dmax is related to
liquid volume V and contact angle θ.

Figure 11 shows the relationship of the liquid bridge force
Fcap with particle distance D. The force Fcap and distance D
are normalized by 2πσR and Dmax, respectively. Volume V is

normalized by the particle volume VR. At a specific volume,
when the spheres move away from each other, the liquid
bridge force decreases. The force Fcap is much more affected
by distance D than volume V and contact angle θ, and the
increase of D and θ makes the force between the particles
decrease, while the volume increase causes the liquid bridge
force to increase slightly.

During the water absorption process, the space between
adjacent mineral particles becomes a region with a high ion
concentration according to the electrical double-layer repul-
sion, and the difference of ion concentration with the sur-
rounding water drives the water molecules into the interspace,
increasing the distance between particles (Schult and Shi
1997). On the other hand, the dissolution of the soluble mate-
rial around the particles also causes the distance between the
particles to become larger. The solvation forces of soluble
particles lead to loss of rock skeleton material and reduction
of van der Waals force between particles (Jia et al. 2018). In
addition, the volume and the contact angle increase when
water content increases, but the influence of the distance and
contact angle on the force far exceeds the volume, which
results in the decrease of the liquid bridge force. Finally, the
cohesion of interparticle is reduced.

In Fig. 10c, the free water fills the crack tip region of the
saturated specimen. According to the XRD test results, the
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Fig. 11 Relationship of normalized liquid-bridge force and separation
distance with different values of liquid volume V and contact angle θ.
Inset: a simplified liquid bridge model

Fig. 12 Diagram of the hydrolysis reaction between a Si–O–Si bond and
a water molecule at the crack tip (modified after Michalske and Freiman
1982 and Zhou et al. 2018). (a) Si–O bond encounters water molecule

then it’s ruptured. (b) The O–H bond is ruptured and two new bonds are
formed. (c) Two Si–O–H groups are formed.
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content of quartz in this siltstone is as high as 71%. For rocks
with abundant quartz mineral, water molecules (H2O) can
react with quartz (SiO2) to cause hydrolysis damage even in
a pure water environment. A simplified model of the chemical
reaction mechanism is shown in Fig. 12 (Michalske and
Freiman 1982). A general expression for a Si–O bond reacting
with H2O is presented by (Atkinson and Meredith 1987;
Freiman 1984):

H–O–Hþ ≡Si–O–Si≡½ �⇌ ≡Si–OH � HO–Si≡½ �⇌2 ≡Si–OH½ � ð10Þ

The strong Si–O bonds were hydrolyzed to weaker hydro-
gen bond hydroxyl groups linking the silicon atoms in Eq.
(10). The increase of hydroxyl ion concentration can acceler-
ate the cracking speed of microcracks under stress.

After the specimen absorbs water, the hydrolysis of quartz
mineral produces stress corrosion and an intensive microcrack
zone was formed in the crack tip region. The development of
subcritical crack is related to the water content and the diffu-
sion rate of water molecules. During the loading process, the
presence of water lowers the stress threshold of microcrack
development, resulting in the microcrack of the specimen to
develop at a lower stress level (Hadizadeh and Law 1991). In
addition, the growth rate of subcritical crack in a humid envi-
ronment is faster than that in a dry state (Atkinson 1979;
Yoshitaka et al. 2011). On the other hand, the siltstone has a
high clay mineral content, and the sum of illite and kaolinite is
as high as 14.9%.When kaolinite encounters water, the bound
water film of granules surface becomes thicker, which leads to
expand of granule volume and the cohesion between granules
reduces. The physicochemical reaction of illite with water
increases the volume by 50~60% (Zhu 1996). The expansion
force generated by interlayer or intergranular expansion pro-
motes the growth of initial cracks and the formation of new
cracks, which reduces the resistance to deformation of the
material.

In summary, the weakening damage of siltstone in this
paper is mainly caused by the physicochemical interaction
between mineral components and water. As the water content
increases, the microscopic damage continues to develop.
Eventually, the accumulation of microscopic damage leads
to the weakening of macroscopic mechanical properties.

Conclusion

The mechanical properties of siltstone specimens in different
water content conditions were studied in this paper. Uniaxial
and triaxial compression tests were implemented to investi-
gate the weakening of macroscopic mechanical properties.
The SEM test was used to analyze the change of

microstructure. As to the analysis above, the following con-
clusions are reached:

The water content increases nonlinearly with water absorp-
tion time and finally tends to be about 2.8% in saturation. The
UCS, elastic modulus, and peak strain all decrease as the water
content increases. The difference is that the UCS and elastic
modulus vary nonlinearly with water content, and their rela-
tionships can be described with an exponential equation, while
the relationship of water content and peak strain is linear in the
range of the test. When the specimen reached saturation state,
its UCS loss rate reaches 50.1%.

For the triaxial compression stress-strain curve, the plastic
deformation near the peak stress of the saturated specimen is
smaller than that of the dry specimen under the same confin-
ing pressure. The specimen strength is nonlinearly increased
when the confining pressure increases in dry and saturated
condition, which can be described by exponential strength
criterion. The peak strain is positively correlated with confin-
ing pressure and the influence of confining pressure on peak
strain is greater than that of water. Compared with the dry
specimens, the shear strength of saturated specimens eventu-
ally reduces by 60 MPa under confining pressure, and the
strength loss rate is about 21.9%. Compared with the UCS
loss rate of 50.1%, it indicated that the effect of confining
pressure inhibits weakening of water on strength.

The weakening damage of siltstone is mainly due to the
physicochemical reaction between minerals and water. As the
water content increases, the SEM results show that the size
and number of microcracks increase, the structure becomes
loose, and the microscopic damage accumulates. The hydra-
tion of clay minerals reduces the local cohesion of the speci-
men, and the hydrolysis of quartz minerals in crack tip region
promotes subcritical crack growth, which collaboratively
leads to the reduction in the bearing capacity of saturated
specimen.
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