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Abstract
The repeated wetting–drying (WD) cycles can cause the deterioration of rock and thus affect the service performance of 
the related rock engineering, e.g., the crushed-rock embankment and the reservoir. The study comprehensively investigated 
the deterioration mechanism of sandstone under the WD cycles based on a series of multi-scale experiments, including the 
microstructure, the meso–micro pore characteristics, and the macroscopic physical and mechanical properties. The results 
indicate that the content of dissolved minerals and the permeability are two key factors that determine the deterioration effect 
caused by the WD cycles. During the WD cycles, the pore size range of sandstone becomes wider due to the formation of 
new small pores and the connection of original pores. Thus, low-density area forms within the samples, which causes the 
increasing of density dispersion. The structure deterioration weakens the physical and mechanical properties of the samples. 
The ultrasonic test indicates that the decreasing rate of the P-wave velocity is larger than that of the S-wave velocity, espe-
cially in the first 5 cycles. Besides, the exponential equations of uniaxial compressive strength and elastic modulus with the 
number of WD cycles are established to describe the deterioration of mechanical characteristics.
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1  Introduction

Rock is a common material in engineering, e.g., the crushed-
rock embankment (Lai et al. 2009; Pei et al. 2017; Tai et al. 
2020), the rock slope (Xu and Yang 2018; Zheng et al. 2019; 
Song et al. 2018; Yang and Yin 2010), the rock founda-
tion (Yang and Yin 2005; Chen and Ai 2020; Tang and Liu 
2012), and the tunnel surrounding rock (Yang and Huang 
2011; Shi et al. 2019; Lv et al. 2019). Rock in these con-
structions suffers long-term wetting–drying (WD) cycles 
due to the rainfall and evaporation, and water-level fluctua-
tion. WD cycles can cause the performance deterioration of 
the rock due to the water–rock interaction (Yao et al. 2011; 
Pardini et al. 1996). Thus, it is a key factor that affects the 

service performance of rock engineering. Numerous inves-
tigations have been conducted to study the deterioration 
mechanism of rock under WD cycles (Yao et al. 2011,2020; 
Pardini et al. 1996; Hua et al. 2017; Liu et al. 2016a, 2018a; 
Zhao et al. 2017; Cai et al. 2020; Yang et al. 2019; Qin et al. 
2018; Torres-Suarez et al. 2014).

Currently, the experimental investigations of rock dete-
rioration can be divided into three categories: macro-scale, 
meso-scale, and micro-scale. In macro-scale, the existing lit-
eratures mainly focus on the physical and mechanical prop-
erties (Yao et al. 2011; Pardini et al. 1996; Hua et al. 2015, 
2017; Liu et al. 2016a, 2018a; Zhao et al. 2017,2018; Hale 
and Shakoor 2003; Dehestani et al. 2020; Song et al. 2019; 
Xie et al. 2019; Khanlari and Abdilor 2015; Zhou et al. 2017; 
Zhang et al. 2014; Özbek 2014). Pardini et al. (1996) found 
that the bulk density of mudrock decreased slightly and the 
porosity increases with the increasing number of WD cycles. 
Hua et al. (2015) indicated both the mode I fracture toughness 
and tensile strength of sandstone decreased with increase of 
the number of WD cycles. Zhao et al. (2017) concluded that 
the effect of WD cycles on the tensile strength of sandstone 
depended on the clay mineral content. Arash Dehestani et al. 
(2020) obtained the influence law of WD cycles on fracture 
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toughness and porosity. Khanlari and Abdilor (2015) statis-
tically obtained the deterioration ratio of the physical and 
mechanical properties (P-wave velocity, porosity, and UCS) 
of red sandstone under the WD cycles. Özbek (2014) showed 
that the greatest change in uniaxial compressive strength 
(UCS) for black ignimbrites after 50 WD cycles can reach 
-16.08%. However, Hale and Shakoor (2003) found that the 
WD cycles had no significant effect on the unconfined com-
pressive strength of the studied sandstone.

To further explore the mechanism of macroscopic deterio-
ration, researchers recently carried out series of microscopic 
tests using the scanning electron microscope (SEM) (Hua 
et al. 2017; Liu et al. 2018a; Xie et al. 2019; Zhou et al. 2012, 
2017; Zhang et al. 2014,2018; Zhao et al. 2018). Zhou et al. 
(2017) observed that the growth and expansion of micro-
cracks after WD cycles can result in reduction of dynamic 
compressive strength of sandstone. Liu et al. (2018a) investi-
gated that three stages sequently occurred for the microstruc-
ture of shaly sandstone under the WD cycles, including the 
well-organized dense structure stage, the porous stage, and 
the cracking stage. Zhang et al. (2014) found that WD cycles 
can cause argillization phenomenon in sandstone, and thus 
weaken the cement between sandstone particles.

The mesoscopic variation is a key perspective to reason-
ably connect the microscopic structure change and mac-
roscopic phenomenon. With the application of computed 
tomography (CT) scan technique and the nuclear magnetic 
resonance (NMR) technique in geomaterials, many meso-
scopic studies have also been conducted (Shen et al. 2020; 
Liu et al. 2019; Wang et al. 2014; Takano et al. 2015; Sun 
et al. 2020; Li et al. 2016,2018; de Argandoña et al. 1999; 
Zhang et al. 2004,2019a). Zhao et al. (2018) tested the influ-
ence of WD cycles on the pore structure of mudstone sam-
ples. Based on the test of pore structure by NMR technology, 
Shen et al. (2020) provided a practicable evaluation method 
on the influence of freeze–thaw on fracture rock mass and 
corresponding interface damage mechanism based on the 
NMR technique. Liu et al. (2016a) established the variation 
rate functions of damage taking the mean CT number as the 
damage variable.

The above studies have revealed the variations of rock 
under WD cycles from several scales. Although those stud-
ies can provide theoretical basis and guidance for practical 
engineering, few literatures can effectively analyze the dam-
age mechanism of rock under the WD cycles by combining 
the macro, meso, and micro  scales. The damage of materials 
starts from micro-scale and expands to other scales (Torres-
Suarez et al. 2014; Zhou et al. 2016). Different processes 
occur at different scales, and these phenomena are actu-
ally interrelated. Consequently, to systematically explore 
the effect of WD cycles on the deterioration mechanism of 
rock, we conducted series of multi-scale investigations in 
this study. By comprehensively considering the response 

processes at different scales, we evaluated the deterioration 
characteristics of sandstone under WD cycles.

2 � Materials and Methods

2.1 � Sandstone Characteristics

Rock samples used in the test are sandstone. All samples are 
from the same rock mass with good homogeneity. Mineral 
composition was tested by the D8 advance X-ray diffraction 
system. The energy spectrum analysis results of the samples 
in initial state indicate that the sandstone is mainly com-
posed of quartz (57.2%), calcite (19.7%), and albite (23.1%) 
(Fig. 1).

The initial physical and mechanical properties of sand-
stone without WD cycles are shown in Table 1.

2.2 � Samples Preparation and Test Scheme

According to the International Society of Rock Mechanics 
(ISRM) test procedures (Khanlari and Abdilor 2015; Zhang 
et al. 2018; Lu et al. 2019), samples were cored from the rock 
mass and processed into cylinders with the diameter of 50 mm 
and the height of 100 mm. To eliminate the effect of size and 
initial structure difference, samples that do not meet the speci-
fications (Table 2) were removed.

Fig. 1   Energy spectrum analysis results of sandstone without WD 
cycles
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All sandstone samples were divided into 6 groups, and 
samples in each group experienced 0, 3, 5, 10, 15, and 20 WD 
cycles, respectively. To enhance the reliability of experimen-
tal results, each group has 6 samples (Fig. 2). For each cycle, 
samples were firstly put into the vacuum saturator to absorb 
water for 24 h, and then dried in an oven at 105 ℃ for 24 h.

3 � Experimental Results and Discussion

3.1 � Analysis of Microstructure Changes

In order to intuitively study the changes of microstructure 
caused by WD cycles, SEM (JSM-6701F) was used to test the 
sandstone samples after 0, 3, 5, 10, 15, and 20 cycles.

Figure 3 shows the SEM images after different WD cycles. 
For the sample without WD cycles (Fig. 3a), the surface of the 
sandstone is flat. The cementation between mineral particles 
is solid, and the microstructure is dense. There are few pores 
without obvious particle boundary. However, irreversible dam-
age occurs after the WD cycles. With the increase of cycles, 
curling phenomenon occurs with the plane changing from flat 
to uneven. The size and number of pores gradually increase 
(Fig. 3a–f). With the increasing cycles, the degree of cementa-
tion between particles decreases, the microstructure becomes 
more loose and broken, and there are more flaky and scaly 
blocks. After 20 cycles (Fig. 3f), the microstructure of sand-
stone has been significantly deteriorated. Thus, the strength of 
sandstone samples will be affected.

According to the mineral composition content (Fig. 1), 
sandstone contains quartz ( SiO2 ), calcite ( CaCO3 ), and albite 
( NaAlSi3O8 ). During the wetting process, complex dissolution 
reaction occurs since minerals of the sandstone are exposed 
to water. The detailed reaction equations are shown in Eqs. 
(1)–(3) (Liu et al. 2016b,2018b).

(1)CaCO3 = Ca2+ + CO2−
3

Figure 4 shows the mineral compositions of sandstone 
samples after 20 cycles. From 0 to 20 cycles, the propor-
tion of calcite in mass reduces from 19.7% to 9.3% due 
to the dissolution of calcite in Eq. (1). The proportion of 
albite in mass reduces from 23.1% to 19.8% due to the 
dissolution of albite in Eq. (2). Among the three minerals, 
calcite has the strongest solubility, and the solubility of 
quartz is very small (Liu et al. 2018b; Feng et al. 2010). 
Therefore, the proportion of quartz in mass becomes larger 
(from 57.2% to 70.9%) after 20 cycles.

Meanwhile, the reaction can produce new pores which 
will connect with original pores within the natural sand-
stone. The connectivity between pores provides more 
reaction surfaces for water–rock interaction and further 
promotes the deterioration of the microstructure. During 
the drying process, loose particles produced by water–rock 
interaction leak out along the pores in the process of water 
infiltration and transportation, and causes secondary pores. 
This also provides more contact space for the water–rock 
interaction, and the microstructure deteriorates to a greater 
degree during the next wetting process. Therefore, the 
microstructure damage gradually increases after repeated 
WD cycles. The accumulation of microstructure variation 
can cause the mesoscopic response of sandstone.

3.2 � Analysis of Meso–micro Pore Characteristics

To reveal the meso–micro pore response within sandstone, 
the low-field NMR technique was selected to measure 
the pore size and distribution after different WD cycles. 

(2)
NaAlSi3O8 + 5.5H2O = 0.5Al2Si2O5(OH)4 + Na

+ + OH
− + 2H4SiO4

(3)SiO2 + 2H2O = H4SiO4

Table 1   Physical and mechanical properties of sandstone

Dry density 
(g/cm3)

P-wave 
velocity 
(m/s)

S-wave 
velocity 
(m/s)

Porosity (%) UCS (MPa)

2.41 3372.46 2278.62 2.239 76.35

Table 2   Screening criteria for samples

Detection 
item

Height End face 
parallelism

Vertical axis 
of end face

Wave velocity

Error limit  < 0.2 mm  < 0.05 mm  < 0.25°  < 5%

Fig. 2   Prepared samples
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Fig. 3   SEM images for the surfaces of sandstone samples after different WD cycles (× 5000)
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Meanwhile, CT scanning technology was also used to quan-
titatively and qualitatively analyze the variation of meso-
scopic structure.

3.2.1 � NMR Tests

The pores could significantly influence the physical and 
mechanical properties of sandstone (Ju et al. 2013). To ana-
lyze the influence of WD cycles on the pore characteristics, 
e.g., size, porosity, content and pore throat, the MiniMR60 
system was used.

(1) Principle of NMR
NMR measures the pore characteristics by testing the 

relaxation time of water within the pore. The total transverse 
relaxation rate 

(

1

T2

)

 can be expressed as follows (Rylander 
et al. 2013; Toumelin et al. 2007):

where T2 is the total lateral relaxation time, T2S is the lateral 
relaxation time of fluid caused by surface relaxation, T2D 
is the lateral relaxation time of fluid caused by diffusion 
relaxation under gradient magnetic field, and T2B is the lat-
eral relaxation time of the free state fluid. In the tests, the 
total lateral relaxation time T2 mainly depends on the surface 

(4)
1

T2

=
1

T2S

+
1

T2D

+
1

T2B

,

relaxation. Thus, the T2D and T2B can be ignored (Shen et al. 
2020). T2S can be calculated by Eq. (5):

where �2 is the T2 surface relaxivity, S is surface area of 
the pore, and V  is the pore volume.

Therefore, Eq. (4) can be simplified to Eq. (6) (Müller-
Huber et al. 2016; Kleinberg et al. 1994):

For the spherical pore and columnar pore, Eq. (6) can be 
further transformed as:

where r is the pore radius, and Fs is the geometric factor.
For specific sandstone, �2Fs is a constant value, and its 

range is 0.01–0.15  μm/ms (Li et al. 2018). Therefore, the 
pore radius r increases with relaxation time T2 . In this study, 
�2Fs is taken as 0.02 μm/ms.

(2) NMR results
Figure 5 quantitatively shows the variation of porosity 

after different WD cycles. The initial porosity is 2.239%. 
With the increasing cycles, the porosity nonlinearly 
increases due to the repeated water–rock action. The vari-
ation process is consistent with the qualitative change of 
microstructure (Fig. 3). However, the change rate of porosity 
decreases with WD cycles. It indicates that the damage effect 
of WD cycles constantly decreases and the pore structure 
tends to be stable. In addition, there are three obvious stages 
for the variation of porosity. During the first stage (RI stage: 
0–10 cycles), the porosity rapidly increases from the initial 
value 2.239% to 2.684% with the change rates are more than 

(5)
T2S =

1

�2

(

S

V

)

pore

,

(6)
1

T2

= �2

(

S

V

)

pore
.

(7)r = T2�2Fs,

Fig. 4   Energy spectrum analysis results of sandstone after 20 cycles

Fig. 5   Variation of porosity after different WD cycles
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0.04% for every cycle. In the second stage (SI stage: 10–15 
cycles), the change rate slows down to 0.0216% for every 
cycle. After 15 cycles (SS stage: the third stage), the poros-
ity tends to be stable with the change rate of 0.0068% for 
every cycle.

The content of soluble minerals contributes to the poros-
ity change under WD cycles. Dissolution reaction occurs 
when water infiltrates into samples, and new pores caused 
by water–rock action will accelerate the mineral dissolu-
tion. However, it can be seen that after 20 cycles, although 
there are still a large number of soluble minerals in the sand-
stone (Fig. 4), the porosity and its change tend to be stable 
(Fig. 5). This is mainly because the dense sandstone with 
small initial porosity (2.239%) limited the further water’s 
infiltrating quality and water–rock action. Thus, the change 
rate of porosity slows down after certain WD cycles, and the 
certain value depends on both the dense degree and content 
of soluble mineral. In the tests, the certain cycle is nearly 10.

Figure 6 shows the curves of the pore content and pore 
proportion after different cycles. The WD cycles changes 
the pore structure. From 0 to 20 cycles, the pore size range 
varies from 0.00053–18.6521 μm to 0.00046–49.5415 μm. 
This is mainly due to the formation of new pores and exten-
sion of original pores. According to the existing literature 
(Shen et al. 2020; Zhang et al. 2019b; Yan et al. 2016), the 
pore size can be divided into three types, including the small 
pores (< 0.1 μm), middle pores (0.1–1 μm), and large pores 
(> 0.1 μm). It can be obtained from Fig. 6 that the pores in 
sandstone are mainly constituted by small pores, followed 
by middle pores, and the large pores are the least. In addi-
tion, the size for the most probable pore (MPP) of sandstone 
under different cycles is always approximately 0.02 μm, and 

the proportion of the MPP decreases with the increasing 
cycles (Fig. 6b). Its proportion decreases from 5.47% for 0 
cycle to 4.70% for 20 cycles.

To clearly show the variations of pores, we list the pore 
content and corresponding proportion of three kinds of 
pores after different WD cycles (Fig. 7). Although the WD 
cycles affect the pore structure during 20 cycles, the con-
tent and proportion of the small pores are still the highest, 
followed by the middle pores, and the large pores are the 
least. With the increase of the cycles, the content of small 
pores gradually increases, but its proportion decreases. 
For middle pores, its content and proportion increase in 
the first 5 cycles. After 10 cycles, they decrease and then 
gradually increase. On the whole, the porosity and propor-
tion of the middle pores shows the law of growth. Mean-
while, the content and proportion of large pores continu-
ously increase with the increase of the cycles. Hence, the 
change of pore structure under the WD cycles actually 
includes the formation of new small pores, and the con-
nection and extension of original pores.

Pore throat (PT) is also an important index of pore struc-
ture. The PT represents the interconnected and narrow pas-
sage between the pores. Figure 8 shows the PT distribution 
of sample under different numbers of WD cycles. The pro-
portion of the PTs less than 0.1 μm is always the largest, and 
it decreases with the increase of the cycles. After 20 cycles, 
it decreases from the initial value of 91.53% to 84.52%. 
Almost all the proportion of the PTs groups (> 4  μm) 
increase with the cycles. The phenomena also indicate that 
the original small PTs can connect and extend into larger 
PTs. However, there is no obvious law for the proportion of 
PTs with the size of 0.1–4 μm.

Fig. 6   Pore content and pore proportion curves after different numbers of WD cycles



435Multi-scale Experimental Investigations on the Deterioration Mechanism of Sandstone Under…

1 3

3.2.2 � CT Test

Philips Brilliance 16 multi energy spiral CT machine with 
a spatial resolution of 0.208 mm and a density resolution 
of 0.3% was used. The scanning interval between adjacent 
cross sections is 3 mm, and each sample is scanned with 33 
sections every time. CT scanning images can reflect the den-
sity distribution of sandstone sample. The scanning images 
of one same cross section after different cycles are selected 
(Fig. 9). In CT scanning images, the black color refers to the 
low-density area, and the white color represents the high-
density area. With the increase of WD cycles, the black areas 
become significant in local region, and the decrease of sam-
ple density is mainly due to the increase of the porosity. The 
continuous deterioration of density forms several distinct 
band-shaped low-density areas within the sample, especially 
after 5 cycles (Fig. 9c–f). As the number of cycles increases, 

the band-shaped low-density area continues to expand and 
extend, and two obvious band-shaped low-density regions 
appear on the cross section after 20 cycles (Fig. 9f).

The value of each pixel point in the scanning image is the 
CT number which is proportional to the corresponding den-
sity of sandstone (Liu et al. 2016a). The mean of CT num-
ber (MCT) is positively related to the density. The standard 
deviation of CT number (SDCT) reflects the discreteness of 
the density. Because the scanning results of a single section 
can only reflect the information of specific section, it cannot 
reflect the information of the overall sample. To describe the 
density variation of the whole sandstone sample, the MCT 
and SDCT for all scanning sections under same cycles are 
shown in Fig. 10.

The MCT and its change rate within the process of adja-
cent designed cycles are shown in Fig. 10a. It can be seen 
that the MCT decreases with the increase of cycles, which 

Fig. 7   Pore content and pore proportion after different numbers of WD cycles

Fig. 8   Proportion change of 
pore throat after different num-
bers of WD cycles
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is mainly due to the deterioration of pore structure caused 
by the WD cycles. Therefore, the density decreases with the 
increase of the cycles. Within 0–3, 3–5, 5–10, 10–15, and 
15–20 cycles, the change rates of MCT are 1.46, 0.87, 0.78, 
0.55, and 0.17, respectively. The results show that when the 
number of cycles is less, the damage effect of WD cycles on 
sandstone is significant. Although the influence of the WD 
cycles on the sandstone decreases as the number of cycles 
increases, the continuously increasing SDCT (Fig. 10b) 
illustrates that the spatial differentiation of density becomes 
obvious due to the formation of low-density areas.

3.3 � Analysis of Macroscopic Physical 
and Mechanical Properties

The structure of the sandstone gradually deteriorates from the 
micro-scale to the meso-scale under the action of WD cycles, 
and then some performance degradation phenomena will occur 
on the macro-scale. Therefore, in order to understand the influ-
ence of WD cycles on the macroscopic physical and mechani-
cal properties of sandstone, we carried out ultrasonic tests and 
uniaxial compression tests, respectively.

Fig. 9   CT scanning images

Fig. 10   CT numbers of samples under different numbers of WD cycles
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3.3.1 � Ultrasonic Tests

To explore the influence of WD cycles on the compactness of 
sandstone, ultrasonic test was performed after designed cycles. 
According to Eqs. (8) and (9) (DL/T 5368-2007), the dynamic 
elastic modulus 

(

Ed

)

 can be obtained by the P-wave velocity 
and the S-wave velocity:

 where � is the density, Vp is the P-wave velocity, and Vs is 
the S-wave velocity.

The change of P-wave velocity, S-wave velocity, dynamic 
elastic modulus and corresponding change rates within the 
process of adjacent designed cycles are shown in Fig. 11a–c, 
respectively. It can be seen that P-wave velocity, S-wave 

(8)� =

(

Vp

Vs

)2

− 2

2

[

(

Vp

Vs

)2

− 1

] ,

(9)Ed = 2�V2
s
(1 + �) × 10−3,

velocity, and dynamic elastic modulus all decrease with 
the increase of cycles. The main reason is that WD cycles 
increase the porosity, which in turn reduce the compactness 
of sandstone samples. Meanwhile, the change rates of the 
three parameters also decrease with cycles. This is mainly 
because when the number of cycles is less, the damage 
caused by the WD cycles is larger, and the compactness of 
the samples decreases more. As the cycles increase, the new 
damage decreases, and the compactness of the sandstone 
tends to be stable, so the reduction rates of the three param-
eters gradually decrease. In addition, the change rate of the 
P-wave velocity is more significant than that of the S-wave 
velocity, especially in the first 5 cycles. Consequently, the 
structure deterioration caused by the WD cycles has the 
small influence on the S-wave velocity.

3.3.2 � Uniaxial Compression Tests

The uniaxial compression tests were conducted to explore 
the influence of WD cycles on the macroscopic mechanical 
properties of sandstone. According to the Test Methods of 

Fig. 11   Change of P-wave velocity, S-wave velocity, and dynamic elastic modulus under different numbers of WD cycles
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Rock for Highway Engineering (JTG E41-2005) and Code 
for rock tests in water and hydropower projects (SL/T 264-
2020), the loading rate of uniaxial compression tests is set 
at 0.5 MPa/s. The typical failure patterns of the sandstone 
samples after different cycles are shown in Fig. 12. The obvi-
ous tensile failure can be seen after the uniaxial compression 
tests, and there are many macroscopic fracture surfaces.

Figure 13 shows the stress–strain curves of samples under 
different cycles. All curves have five stages (Cai 2002; Mar-
tin and Chandler 1994) (only the curve of 0 cycle is marked), 
including (1) pore compaction stage (OA stage) with a up 
concave shape in the curves: the pores of the sandstone sam-
ple gradually close under compression during this stage; (2) 
elastic deformation stage (AB stage): during this stage, the 
stress linearly increases with strain; (3) stable crack growth 
stage (BC stage): The cracks begin to form at this stage; (4) 
unstable crack growth stage (CD stage) with a down con-
cave shape in the stress–strain curves: the formation speed 
of cracks inside the sandstone increases, and the distribution 
of cracks becomes dense. The sandstone reaches its peak 
stress at point D; (5) post-peak stage (DE stage): after the 
sandstone reaches the peak stress, the cracks rapidly form, 
intersect, and develop to macroscopic fracture surfaces 
(Fig. 12). The stress of sandstone rapidly decreases with the 
increase of strain. The slope of this stage in the stress–strain 
curve is negative.

Although the shape of all stress–strain curves is similar, 
the detailed characteristics vary with WD cycles. The strain 
at the end of compaction stage increases with WD cycles. 
The pore compaction stage is longer for sandstone with more 
cycles due to the increase of porosity caused by the WD 
cycles. Meanwhile, the peak strain also increases with the 
increase of cycles. When the cycle varies from 0 to 20, the 
value of the peak strain increases from 0.00914 to 0.01075. 
The reason is that the aggravation of damage caused by WD 
cycles results in the lengthening of compaction stage.

In addition, the UCS of the sandstone gradually decreases 
under the increasing WD cycles (Fig. 14). The deterioration 
of the UCS is obvious in the first 5 cycles. It reduces from 
76.35 MPa without WD cycles to 69.10 MPa after 5 cycles. 
Meanwhile, the decrease rate within the process of adja-
cent designed cycles of the UCS gradually falls down with 
the increasing cycles. The deterioration process of elastic 
modulus (E) is similar to that of the UCS. From the change 
law of UCS and E, it can be concluded that the WD cycles 
deteriorate the mechanical properties of sandstone, and the 
effect of degradation gradually decreases with the increas-
ing cycles. To obtain the detailed relationship between the 
UCS and E with the WD cycles, nonlinear regression is con-
ducted. The regression equations (10) and (11) show that 
both the UCS and the E exponentially decrease with WD 
cycles, and the correlation coefficients (R2) are 0.996 and 
0.991, respectively,

Fig. 12   Failure patterns of sandstone under uniaxial compression

Fig. 13   Stress–strain curves of different cycles



439Multi-scale Experimental Investigations on the Deterioration Mechanism of Sandstone Under…

1 3

 

4 � Conclusions

In this study, we systematically analyze the deterioration 
mechanism of wetting–drying (WD) cycles on the sandstone 
by combining the microstructure change, the variation of 
meso–micro pore characteristics, and the macroscopic physi-
cal and mechanical properties. Based on the experimental 
investigations, several conclusions can be drawn as follows:

1. The WD cycles deteriorate microstructure of sand-
stone due to the dissolution reaction of dissolved minerals. 
The content of dissolved minerals and the permeability of 
sandstone are the two key factors that determine degradation 
influence of WD cycles.

2. WD cycles change the size and content of pores in 
sandstone. The porosity of the sandstone sample increases 
with the increasing WD cycles. The WD cycles makes the 
pore size range wider due to the formation of new small 
pores and the connection and extension of original pores. 
For the sandstone in the tests, initial pore size range varies 
from 0.00053–18.6521 μm to 0.00046–49.5415 μm after 20 
WD cycles.

3. The change of pore structure affects the density distri-
bution within the sandstone. With the increasing WD cycles, 
both the density and its change rate reduce, and the density 
dispersion of sandstone increases.

(10)UCS = 0.830n−13.016 + 64.989,

(11)E = 0.824n−2.612 + 10.465.

4. The growth of porosity caused by WD cycles weakens 
the physical and mechanical properties of the sandstone, 
including the P-wave velocity, S-wave velocity, dynamic 
elastic modulus, uniaxial compressive strength and elas-
tic modulus. Finally, exponential formulas are established 
to describe the relationship of the uniaxial compressive 
strength and the elastic modulus with the number of WD 
cycles.
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