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Abstract—The fracture toughness of rock is very important in

rock cutting, blasting, and hydraulic fracturing for tunnel excava-

tion. To evaluate factors that reduce rock fracture toughness, we

emulated the environment of joint rock in the hydro-fluctuation belt

of a typical bank slope in the Shanxi Tong Chuan reservoir region.

We tested long-term immersion of sandstone samples in different

chemical solutions to determine the resulting mechanical charac-

teristics and damage degradation. Variations in the physical and

mechanical properties of the samples were analyzed under the

effects of the chemical solutions. Experimental results show that

the sandstone was significantly damaged by the chemical solutions,

but its peak strain increased, and different chemical solutions had

distinct influences on the degree of mechanical damage. These

differences varied with the acid–base properties of the solutions.

Also, there were clear consistencies among the solutions in the

degree of their damage to mechanical parameters, physical

parameters, and ion concentrations. Therefore, we were able to

obtain correlations among the physical and mechanical parameters

of the sandstone samples, damage variables, and the ion concen-

trations of calcium and magnesium. The surfaces of the samples

were seriously degraded after being subjected to the corrosive

effect of various chemicals; for example, there were different

amounts of holes and pitting corrosion. The sizes of the holes and

the degree of surface pitting gradually increased with an increase in

corrosion time.

Key words: Chemical erosion, correlation, jointed rock mass,

mechanical characteristics, mode-I fracture, toughness, rock

mechanics.

1. Introduction

Rocks form the main body of the lithosphere and

comprise an aggregate of mineral particles, pores,

and cementing materials. Microcracks, flaws, and

crevices of various orders are always scattered

throughout rock. Research shows that rock failure is

closely related to fractures, and deformation and

failure are caused by randomly distributed internal

defects that propagate, converge, and cut through the

rock. Therefore, many scholars have used the fracture

toughness of rocks to quantitatively evaluate the

stability and safety of rock involved in engineering

projects. For example, determining the ability of a

rock that contains a crack to resist fracturing is very

important in work that involves rock cutting, blasting,

or hydraulic fracturing for tunnel excavation.

Due to the world’s rapid economic development,

underground resources are becoming increasingly

scarce. This has led to the development of geothermal

energy, oil, gas, and other energy from deep strata

mining using blasting and hydraulic fracturing. For

these purposes, an understanding of rock fracture

toughness is increasingly important. Therefore, there

has been much research in this field, with many

useful results of rock fracture toughness tests having

been obtained.

Brown and Reddish (1997) did an experimental

study of the effects of density on the fracture

toughness of rock. Zhang and Wang (2009) studied

the fracture toughness of marble using five different

disk-shaped specimens and obtained fracture tough-

ness formulas for specimens of various shapes by

using finite element analysis. They also compared the

advantages and disadvantages of this type of testing.

Saadaoui et al. (2000) and Ciccotti et al. (2000)

studied the fracture toughness of rock using the

double-torsion method. Chen et al. (2001) studied the

effects of confining static pressure on rock fracture

toughness and improved the efficiency of fracturing

design and fracture prediction. Ayatollahi and Aliha
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(2007) studied the fracture toughness of brittle rock

subjected to mixed mode-I and mode-II loading.

Chen and Zhang (2004) did laboratory measurements

and interpretation of the fracture toughness of rock

formations at great depth. Wang, Feng, et al. (2011)

measured dynamic fracture toughness for mode-I and

mode-II using flattened Brazilian disk specimens

cracked straight through then impacted by a split

Hopkinson pressure bar. Cui et al. (2010) compared

two chevron-notched specimens suggested by the

International Society for Rock Mechanics for testing

mode-I rock fracture toughness. Erarslan and Wil-

liams (2012) studied the damage mechanism of rock

fatigue and its relation to fracture toughness. Zhang

et al. (2008) experimentally studied the effects of

rock size on fracture toughness under dynamic con-

ditions, and Zhang (2002) experimentally studied the

correlation between fracture toughness and tensile

strength. As mentioned above, our research was

focused mainly on the fracture toughness of different

kinds of rock and the correlation between its strength

parameters under static and dynamic conditions.

The hydrochemical environment is another active

factor affecting the failure characteristics of rock.

Water–rock interaction and chemical solution corro-

sion aggravate damage to rock. Most geological

hazards are associated with groundwater; for exam-

ple, landslides, dangerous rock, collapses, karst

collapse, and land subsidence. Water–rock interac-

tion, a key active factor, affects the safety and

stability of rock-mass engineering projects. Ground-

water is also often involved in the deformation and

destruction of rock masses and seriously affects their

mechanical characteristics. In essence, the

microstructure of rock changes due to water–rock

interaction, which can cause its macroscopic

mechanical properties to deteriorate and leads to the

failure of rock masses. As environmental pollution

problems become more serious, more and more

scholars have focused on this research field. Mean-

while, as studies of water–rock interaction and the

intersection of multiple disciplines have increased,

researchers have gradually realized that it is neces-

sary to consider the complex stress corrosion of

water–rock mixtures, instead of considering only

chemical interactions between water and rock.

Water–rock reactions have advanced to the fore-

front of basic research topics, yielding many useful

results. Heggheim et al. (2005) studied the weakening

variable of the mechanical characteristics of lime-

stone immersed in seawater. Chen et al. (2010)

systematically studied the effects of hydrochemical

solutions on the surface morphology of rock. Wu

(2013) studied the time-varying characteristics of

sandstone subjected to chemical solutions. Négrel

et al. (2010) focused on the study of granite parent

rock, isotopic tracers, and water chemistry, and

measured the lead isotopes in the water through

multicollector inductively coupled plasma mass

spectrometry. Feng et al. (2001) and Li et al. (2003)

did an experimental study on the effects of different

chemical solutions on rock and established corre-

sponding damage variables and constitutive relations.

Vezzù et al. (2008) did a numerical simulation of the

single failure of granite with and without salt pore

water under axial compression. Feng et al. (2008)

presented several experimental results from their

investigation of the mechanism of multicrack inter-

actions. Their study involved limestone with two or

three flaws in different arrangements under coupled

uniaxial compressive stress and various chemical

solutions. Nara et al. (2012) studied the effect of

humidity on rock fracture toughness, and Reinhardt

and Mielich (2014) explored the effects of different

chemical solutions on rock fracture toughness. As

mentioned above, a chemical solution has a clear

weakening effect on the fracture characteristics of

rock. However, there are still problems with studying

the fracture toughness of rock undergoing chemical

corrosion and its correlation with strength

parameters.

Given the research described above, and consid-

ering the actual environment of joints in rock, we

adopted a test of long-term immersion to explore the

mechanical parameters of mode-I fractured sandstone

in a three-point bending test, a tensile test, an axial

compression test, and a triaxial compression test. We

also studied the effect of chemical damage on the

mechanical properties of mode-I fractured sandstone

and its correlation with strength characteristics.

Finally, for various durations of immersion in

chemical solutions, we analyzed the variations in the

ion concentration, the P-wave velocity, and physical
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properties of sandstone subjected to various chemical

solutions. This study will serve as a reference for the

development and construction of rock-mass engi-

neering projects in reservoir regions.

2. Materials and Methods

2.1. Specimen Preparation

Calcareous sandstone was collected from a typical

bank slope in the Shanxi Tongchuan reservoir region

of China. The density of the specimens ranged from

2.54 to 2.56 g/cm3, and the P-wave velocity ranged

from 3703 to 3791 m/s. The range of porosity was

5.36 to 5.65%. Microscopic images of the sandstone

specimens are shown in Fig. 1.

Currently, there are many ways to measure rock

fracture toughness. We measured the fracture tough-

ness KIc of straight-incision cuboid sandstone with

mode-I fractures strictly according to accepted

guidelines (The Professional Standard Compilation

Group of People’s Republic of China, DL/T5368

2007) using a three-point bending method. Figure 2

shows the loading diagram, where B is the specimen

width (in cm), which is equal to the specimen height

W (in cm); Sd is the distance between two supporting

points (in cm); Pmax is the load leading to fracture

failure (in N); and a is the depth of the straight

incision (in cm). The cross sections were square with

an area of 50 9 50 mm2 and a height of 250 to

260 mm. The depth of the straight incision was 21 to

23 mm, and its width was 1.0 mm.

P-wave velocity was measured by an acoustic

wave detector (RSM-SY5) developed by the Institute

of Rock and Soil Mechanics, Chinese Academy of

Sciences, Wuhan, China. A total of 276 sandstone

specimens were selected and divided into 21 groups.

One group was used to measure fracture toughness,

tensile strength, and uniaxial compression strengths

of the specimens under natural conditions. The

remaining 20 groups were used to experimentally

study the effects of various chemical solutions.

2.2. Preparation of Chemical Solutions

Existing research shows that rock-mass engineer-

ing projects in reservoir dams, coastal areas, and

inland saline lakes are often subjected to sulfate

erosion, and in China, acid rain exists mainly in the

Figure 1
Microscope image of sandstone specimens. a Quartz and carbonate cement. b Carbonate pore-type cementation

Figure 2
Loading sketch of three-point bending specimens. B denotes the

specimen width (cm), which is equal to the specimen height

W (cm); Sd represents the distance between two supporting points

(cm); Pmax denotes the load leading to the fracture failure (N); a is

the depth of straight incision (cm)
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form of sulfate. In rock-mass engineering projects in

the Shanxi Tong Chuan reservoir region of China, the

main ion composition of reservoir water is SO4
2-,

Cl-, Na?, K?, HCO3
-, and so forth, and the pH

range of the reservoir water is 5.10 to 8.23. In

addition, damage to the rock mass, which generates

and accumulates until destruction, is a long and slow

process. To observe these changes in a relatively

short time, we chose lower or higher pH values of

chemical solutions to carry out the research. Conse-

quently, we chose sodium sulfate (Na2SO4) as a

corrosion compound. The selected pHs of the sulfate

solutions were 3.0 and 12.0, and we used the

mechanical parameters of sandstone specimens

immersed in neutral sodium sulfate (Na2SO4) as a

reference. Each chemical solution was reconfigured

monthly to maintain its initial concentration and pH.

The initial acidity and basicity of the Na2SO4

solutions were controlled by 0.01 mol/L sodium

hydroxide and 0.01 mol/L sulfuric acid solutions

using a PHS-3C acidimeter (Baoshishan, China;

shown in Fig. 3).

2.3. Test Methods

Before the test, the sandstone specimens were

dried at 105 �C for 24 h to maintain a constant

weight and then cooled for mass measurement. Next,

the specimens were sealed using a vacuumization

method and soaked in the following chemical solu-

tions: 0.01 mol/L Na2SO4 (pH = 3.0), 0.01 mol/L

Na2SO4 (pH = 7.0), and 0.01 mol/L Na2SO4 (pH =

12.0). The volume of chemical solutions used for

soaking was 5.0 L. Room temperature (20 �C) was

maintained throughout the experiment.

The mechanical experiments were done after

measuring the P-wave velocity, and four tests were

done in parallel for each month in various chemical

solutions. The remaining specimens were immersed

in the corresponding chemical solutions again. Mean-

while, Ca2? and Mg2? ion concentrations dissolved

in chemical solutions were measured by using a TAS-

990 atomic absorption spectrophotometer (Beijing

Purkinje General Instrument Co., China), and the

surfaces of the sandstone specimens were observed

using an XTL-100E stereomicroscope (GX Micro-

scopes, UK). We tested the sandstone specimens after

1, 2, 3, 4, and 5 months of immersion. Specimens not

corroded by chemical solutions were used as a control

group; experimental results from this group were

used to represent those of specimens under 0 months

and could then be compared with the experimental

results of the corroded samples.

To study the relation between fracture toughness

and strength, it was necessary to reduce the errors

arising from the sandstone specimen heterogeneity.

Consequently, two segments of a fractured specimen

were processed as U 50 9 100-mm cylindrical

specimens for the uniaxial and conventional triaxial

tests, and two cylindrical specimens with a diameter

of 50 mm and a length of 30 to 35 mm were

processed for the tensile test. The physical and

mechanical parameters of the specimens were then

tested in saturation to further explore variation

regularity.

In the process of soaking, sandstone specimens

were kept in a sealed environment to avoid interfer-

ence from external factors. Figure 4 shows the WDT-

1500 multifunctional material testing machine

(Tinius Olsen, USA) used for the experiment.

To remove possible errors resulting from the

inhomogeneity of the rock and to ensure compara-

bility of test results, the same sandstone specimens

were used for the P-wave velocity test and for

observing the sandstone specimens’ surfaces.

Figure 3
Sketch map of PHS-3C acidity meter and calibration liquid
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3. Test Results and Discussion

3.1. Porosity and P-Wave Velocity Analysis

The porosity of the specimens was determined by

indirect measurement (Han et al. 2015, 2018) under

various chemical solutions. As shown in Fig. 5, the

porosity gradually increased with the increase in

chemical immersion duration, but the specimens’

P-wave velocities gradually decreased.

In the initial stage (0–1 month), the lower the pH

in the solutions, the greater the porosity and the

reduction of the P-wave velocities of the specimens;

that is, the increases in porosity and reduction in

P-wave velocity in the Na2SO4 (pH = 12.0) solution

were less than those in the Na2SO4 (pH = 7.0) and

Na2SO4 (pH = 3.0) solutions, being the greatest in

the Na2SO4 (pH = 3.0) solution. As the chemical

immersion time increased (2–5 months), the deteri-

oration degree of porosity and P-wave velocity in the

Na2SO4 (pH = 12.0) solution gradually increased, but

were still less than those in the Na2SO4 (pH = 3.0)

solution and greater than those in the Na2SO4

(pH = 7.0) solution.

During the first month, the porosity of the

specimens increased. Meanwhile, the internal flaws

of the sandstone were filled with chemical solutions

under the effect of the water–rock interaction. As a

result, the homogeneity of the specimens improved,

resulting in an increased P-wave velocity. The

homogeneity of the chemical solution concentration

inside the specimens might have been improved if the

Figure 4
Experiment equipment. a WDT-1500 universal testing machine. b Installation of sample. c Extensometer
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Figure 5
The relationship among porosity, P-wave velocity of sandstone, and chemical corrosion time under different chemical solutions

Vol. 176, (2019) Mechanism Damage to Mode-I Fractured Sandstone from Chemical Solutions... 5031



specimens had high porosity, which could cause the

P-wave velocity to significantly increase. Thereafter,

with the increase in chemical soaking time, the

change rates of porosity and P-wave velocity

increased; that is, the porosity increased with an

increase in chemical soaking time, and the P-wave

velocity showed the opposite trend.

3.2. Analysis of Fracture Toughness (KIc), Tensile

Strength, and Mechanical Parameters Under

Uniaxial Compression Testing

The stress–strain curves of the sandstone speci-

mens all underwent dense pore pressure, linear

elastic, yield, and failure stages. As can be seen in

Fig. 6, the ‘‘soft’’ trend of the stress–strain curves of

specimens was more obvious in the various chemical

solutions than that of specimens in the natural state.

(a) The compaction stage of the specimens was not

obvious or brief under the natural condition,

resulting in the deformation turning into the

elastic deformation stage earlier. But the duration

of the compaction stage increased to varying

degrees in different chemical solutions. This

duration was related to the development of pore

fissures inside the specimens. Due to the increase

in the porosity of the specimens immersed in the

chemical solutions, the compaction stage was

more and more obvious, and the nonlinearity of

the curves increased.

(b) The elastic modulus of the specimens immersed

in different chemical solutions was inferior to

that of specimens under a natural state, reflecting

the degree of damage from the chemical solu-

tions. Meanwhile, the yield stress of the

specimens decreased in the solutions. Therefore,

the specimens reached the yield stage earlier,

which caused the elastic stage to become shorter

and the yield stage to lengthen.

(c) The yield stage of the stress–strain curves was not

obvious under the natural state, whereas the yield

stage of the specimens exposed to different

chemical solutions increased to varying degrees.

With an increasing chemical soaking time, the

yield stage became more and more obvious. The

peak strain of the specimens immersed in chem-

ical solutions was greater than that under the

natural state. This was mainly due to the soften-

ing effect of the chemical solutions on the

specimens; the greater the softening effect of

the chemical solutions, the larger the peak strain

of the specimens.

(d) The stress–strain curves of the specimens reached

the destruction stage after the peak period. The

strain rapidly increased, whereas the stress of the

specimens greatly decreased. The brittleness of

the specimens was remarkable when its damage

occurred under the natural state, being accompa-

nied by an obvious cracking sound. However, the

brittleness of specimens soaked in chemical

solutions was less pronounced.

As seen in Fig. 7, the fracture toughness KIc,

uniaxial compressive strength, and tensile strength of

the sandstone specimens soaked in chemical solutions

were lower than those in a natural state. As the

chemical soaking time increased, the degree of
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The stress–strain curves of sandstone specimens eroded in different chemical solutions under uniaxial compression
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chemical deterioration gradually increased. Mean-

while, KIc, uniaxial compressive strength, and tensile

strength varied in degree of deterioration under

different chemical solutions.

In the initial stage (0–1 month), KIc, uniaxial

compressive strength, and tensile strength of sand-

stone soaked in the Na2SO4 (pH = 3.0) solutions

were less than those in the Na2SO4 (pH = 7.0) and

Na2SO4 (pH = 12.0) solutions; and those of sand-

stone specimens in Na2SO4 (pH = 12.0) were the

greatest. Within 2 to 5 months, the deterioration of

mechanical parameters in Na2SO4 (pH = 12.0) grad-

ually increased as the chemical soaking time

increased and was greater than that in the Na2SO4

(pH = 7.0) solutions, but still less than that in the

acidic Na2SO4 (pH = 3.0) solutions. Therefore, there

was a threshold value of between 1 and 2 months for

changes to occur in the fracture toughness, uniaxial

compressive strength, and tensile strength of sand-

stone specimens in the Na2SO4 (pH = 12.0) solution.

As can be seen from Fig. 7c, compared with the

peak strain of sandstone specimens under natural

state, the peak strain significantly increased under

chemical solutions. With an increase in chemical

soaking time, the peak strain gradually increased. In

the initial stage (0–1 month), the peak strain of

specimens in Na2SO4 (pH = 3.0) solutions was

greater than that in Na2SO4 (pH = 7.0) and Na2SO4

(pH = 12.0) solutions, with the lowest peak strain

being in Na2SO4 (pH = 12.0) solutions. Within 2 to

5 months, the peak strain of specimens in Na2SO4

(pH = 12.0) solutions significantly increased; that is,

e1; pH¼3 [ e1; pH¼12 [ e1; pH¼7.

3.3. Analysis of Stress–Strain Curves

and Mechanical Parameters Under

Conventional Triaxial Testing

The (r1 * r3) * e1 curves of the sandstone

specimens under the triaxial condition were the same

as those under the uniaxial condition, and specimens

also underwent dense pore pressure, linear elastic,

yield, and failure stages.

As can be seen from Figs. 8, 9, 10, 11, and 12, the

original defects and the increased pores after corro-

sion in the specimens were compacted under a certain

initial axial pressure and confining pressure, which

resulted in the compaction stage of the (r1 * r3) *
e1 curves not being evident under the triaxial test. It

was clearly observed from Figs. 9, 10, 11, and 12 that

the higher the confining pressure, the greater the

initial stress on the specimens, and the denser the

internal defects of the specimens will be. This

resulted in the compaction stage of the (r1 * r3) *
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Figure 10
The (r1 - r3) * e1 curves of sandstone specimens eroded in 0.01 mol/LNa2SO4 pH = 7.0 solutions under triaxial compression
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e1 curves of the specimens not being evident and led

the specimens into the elastic stage. Meanwhile, the

stiffness (elastic modulus) of the specimens also

gradually increased with the increase of confining

pressure. As mentioned above, the higher the soften-

ing degree of the specimens exposed to chemical

solutions, the smaller the elastic modulus. The yield

stress of specimens exposed to different chemical

solutions increased to varying degrees than that under

the natural state. Therefore, the specimens reached

the yield stage earlier, which caused the elastic stage

to become shorter and the yield stage to lengthen.

Moreover, with increasing chemical soaking time and

confining pressure, the plastic property became more

and more obvious. Meanwhile, the brittleness of

specimens soaked in chemical solutions reduced;

however, the ductile and failure characteristics of the

specimens gradually increased with increasing chem-

ical soaking time or confining pressure.

Figures 9, 10, 11, and 12 showed that the peak

strength and peak strain of specimens in chemical

solutions significantly increased with increases in

confining pressure or chemical soaking time, which

were greater than the peak strength and peak strain of

specimens under uniaxial compression. There was a

marked difference in the peak strengths and peak

strains of specimens immersed in different chemical

solutions. Under the same confining pressure, the

peak strength in the natural state was greater than that

of specimens immersed in chemical solutions, but

this result was reversed for peak strain.

Under the same confining pressure, the peak strain

of specimens immersed in chemical solutions grad-

ually increased with an increase in corrosion time.

For the 0 to 1-month period, the peak strains of

sandstone specimens in Na2SO4 (pH = 3.0) solutions

were greater than those in Na2SO4 (pH = 7.0) and

Na2SO4 (pH = 12.0) solutions under the same con-

fining pressure, with the lowest peak strain being in

Na2SO4 (pH = 12.0) solutions. Within 2 to 5 months,

the peak strain followed the sequence

e1; pH¼3 [ e1; pH¼12 [ e1; pH¼7 [ e1; natural.
The cohesions and internal friction angles of the

specimens in different chemical solutions are shown

in Fig. 13. Figure 13 shows that the cohesive

strengths and internal friction angles in the natural

state were greater than those of specimens immersed

in chemical solutions. The cohesive strengths and
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Figure 11
The (r1 - r3) * e1 curves of sandstone specimens eroded in 0.01 mol/LNa2SO4 pH = 12.0 solutions under triaxial compression

Vol. 176, (2019) Mechanism Damage to Mode-I Fractured Sandstone from Chemical Solutions... 5035



internal friction angles gradually decreased with an

increase in chemical soaking time. However, there

were differences in the decreases of the cohesive

strengths and internal friction angles for sandstone

specimens immersed in different chemical solutions.

For the 0 to 1-month period, the cohesive strengths
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Figure 12
The relationships among peak strength, peak strain, and confining pressure of sandstone specimens under different chemical solutions
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and internal friction angles in Na2SO4 (pH = 3.0)

solutions were less than those in Na2SO4 (pH = 7.0)

and Na2SO4 (pH = 12.0) solutions, with the lowest

being in Na2SO4 (pH = 12.0) solutions. Within 2 to

5 months, the deterioration degree of the cohesion

strength and internal friction angle in acidic Na2SO4

(pH = 3.0) was the greatest followed by that of the

specimens in Na2SO4 (pH = 7.0) and Na2SO4 (pH =

12.0), with that in Na2SO4 (pH = 7.0) being rela-

tively small. That is, cohesion strength and internal

friction angle of the specimens followed the sequence

cpH = 7[ cpH = 12[ cpH = 3 and upH = 7[upH = 12[
upH = 3.

3.4. Analysis of the Correlation of Mechanical

Parameters

The relations among the cohesion, internal fric-

tion angle, splitting tensile strength, uniaxial

compressive strength of sandstone, and the KIc value

of sandstone were evaluated, as shown in Fig. 14. As

can be seen, there was a linear relation among

cohesion, internal friction angle, tensile strength,

uniaxial compressive strength, and fracture toughness

KIc of the sandstone specimens.

A linear regression analysis of the relation

between the mechanical parameters of the specimens

and the fracture toughness KIc was done (Fig. 14); the

relations can be expressed by Eqs. (1), (2), (3), and

(4):

r ¼ 25:6KIc þ 10:671; R2 ¼ 0:9956; ð1Þ

rt ¼ 2:2609KIc þ 0:5696; R2 ¼ 0:9937; ð2Þ

c ¼ 10:608 ln KIcð Þ þ 11:28; R2 ¼ 0:9562; ð3Þ

/ ¼ 9:7387 ln KIcð Þ þ 31:499; R2 ¼ 0:9623; ð4Þ

where rt, r, and c refer to the tensile strength, uni-

axial compressive strength, and cohesion of

sandstone specimens, respectively (in megapascals),

u is the internal friction angle of the sandstone (in �),
and R2 is the correlation coefficient.

To obtain a further understanding of the damage

to mechanical parameters of the sandstone exposed to

chemical solutions, the chemical damage factor Kcf

was defined as

Kcf ¼
f0 � fi

f0
; ð5Þ

where f0 and fi are the mechanical parameters of the

sandstone specimens in their natural states and after

having i months of chemical soaking time, respec-

tively (in megapascals). Kcf is related to the degree of

chemical damage to the sandstone specimens. The

value of Kcf is related to the resistance of sandstone

specimens to chemical damage. The larger the value

of Kcf, the greater the degree of resistance to chemical

damage.

Figure 15 shows the relations among the deteri-

oration rates of mechanical parameters and chemical

damage times under different chemical solutions.

Figure 15 shows that the deterioration rates of
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The relationship among cohesion, internal friction angle of sandstone, and chemical corrosion time under different chemical solutions
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specimens were basically consistent in different

chemical solutions. Under the same corrosion time

and chemical solution, the deterioration degree of the

fracture toughness KIc was greater than that of other

mechanical parameters, and the internal friction angle

was the lowest: Kcf; KIc
[Kcf; rt [Kcf; r [

Kcf; c [Kcf; /. This shows that the fracture toughness

KIc of sandstone was more sensitive to chemical

damage than it was to other mechanical

characteristics.

The crack propagation radius r of the sandstone

specimens was developed in the literature (Deng et al.

2012) under different chemical solutions. This was to

describe and discuss the mechanism and reason for

the fracture toughness being more sensitive to

chemical solutions. The relation between the crack

propagation radius of sandstone and the chemical

corrosion time under different chemical solutions is

shown in Fig. 16.

r ¼ 1

2p
KIc

rt

� �2

; ð6Þ
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The relationship among KIc, cohesion, internal friction angle, splitting tensile strength, and uniaxial compressive strength of sandstone
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The relationship between deterioration rate of mechanical characteristics of sandstone and chemical corrosion time under different chemical

solutions
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where r is the crack propagation radii (m). Previous

research results show that the crack propagation

radius gradually increases with increasing rock

strength.

As can be seen in Fig. 16, the crack propagation

radius r under various chemical solutions decreased

to varying degrees more than that of the sandstone

specimens under the natural state, and generally

decreased with the increase in chemical corrosion

time. This indirectly indicates that the mechanical

parameters of the sandstone had different degrees of

degradation depending on the chemical corrosion

time.

Equation (6) indicates that both the tensile

strength and the crack propagation radius of the

sandstone were reduced at the same time. Compared

with the deterioration degree of the tensile strength

and compressive strength of the sandstones, that of

the fracture toughness KIc was significantly higher

under various chemical solutions. This was consistent

with the test results shown in Fig. 15, which show

that the deterioration degree of the fracture toughness

KIc was the highest, followed by that of tensile

strength, and the compressive strength was relatively

low.

A crack in brittle materials such as rocks is

generally an open-mode crack. When the stress

intensity factor at the crack tip reaches the fracture

toughness KIc, the crack will rapidly expand. When

the stress intensity factor at the crack tip is less than

the fracture toughness KIc, the crack growth rate will

continuously increase, but the crack growth is

stable at this time, which is called stress corrosion

subcritical crack growth (Zhang et al. 1981).

The attenuation of fracture toughness was clear

for sandstone specimens corroded by a hydrochem-

ical solution, and the weakening effect gradually

increased with increasing corrosion time. A series of

complex physical and chemical reactions occurred

between the sandstone and the chemical solutions.

These reactions caused varying degrees of damage to

the sandstone microstructure, such as increasing

porosity and mineral particle deterioration, which

loosened the specimens. As a result, the specimens’

internal stress fields caused an uneven distribution of

stresses and stress concentrations due to the differ-

ences in deformation characteristics and force

transfer rates. These led to microcrack initiation in

the tips of the prefabricated cracks: this showed that

the weakening effect depends on the soaking time.

The weakening effect of sandstone accelerates the

subcritical crack growth of rocks under the action of

water chemical corrosion (Wang et al. 2011).

4. Analysis of the Damage Variable Mechanism

4.1. Regularities in the Variations of Physical

Properties

The concentrations of Ca2? and Mg2? ions

dissolved in different chemical solutions were

measured each month during the chemical soaking

time, as shown in Fig. 17. The concentrations of

Ca2? and Mg2? ions dissolved in the solutions

gradually increased as the chemical immersion time

increased. However, the ion concentrations varied as

deterioration occurred in the different chemical

solutions.

In the first month, the concentrations of Ca2? and

Mg2? ions dissolved in the Na2SO4 (pH = 3.0)

solution were greater than that in the Na2SO4

(pH = 7.0) and Na2SO4 (pH = 12.0) solutions, with

the lowest concentration being in the Na2SO4 (pH =

12.0) solution. As the chemical soaking time

increased (2–5 months), the concentrations of Ca2?

and Mg2? ions dissolved in the Na2SO4 (pH = 12.0)

solution gradually increased, but were still lower than

those in the Na2SO4 (pH = 3.0) solution and higher

than those in the Na2SO4 (pH = 7.0) solution.

4.2. Damage Variable

The damage variable D is expressed as

D ¼
nðitÞ � nði0Þ
1� nði0Þ

¼ 1 ¼
1� nðitÞ
1� nði0Þ

; ð7Þ

where nði0Þ refers to the porosity of saturated sand-

stone specimens under the natural state, and nðitÞ is

the porosity of saturated sandstone specimens after

i months of chemical soaking time.

Figure 18 shows the relations between the dam-

age variables and the chemical soaking times in

various chemical solutions. The damage to specimens
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increased to different degrees in the chemical solu-

tions and gradually increased with an increase in

chemical soaking time. A certain distinction existed

in the variation regularity of the degree of damage

from different chemical solutions.

During the first month, the degree of chemical

damage to the specimens was higher in acidic

Na2SO4 (pH = 3.0) solutions than that in Na2SO4

(pH = 7.0) and alkaline Na2SO4 (pH = 12.0) solu-

tions. The degree of chemical damage in alkaline

Na2SO4 (pH = 12.0) solutions was the lowest; that is,

DpH = 3.0[DpH = 7.0[DpH = 12.0. However, with an

increase in chemical soaking time, the damage degree

to specimens in the Na2SO4 (pH = 12.0) solution

gradually increased, but was still less than that in the

Na2SO4 (pH = 3.0) solution and greater than that in

Na2SO4 (pH = 7.0) solution; that is,

DpH = 3.0[DpH = 12.0[DpH = 7.0.

4.3. Effects of Damage on Physical and Mechanical

Parameters

Figure 19 shows the relations between the phys-

ical mechanical parameters of the sandstone

specimens and the damage variables in different

chemical solutions based on a statistical analysis of

the experimental results.

As seen in Fig. 19, the physical mechanical

parameters of specimens affected by chemical solu-

tions gradually deteriorated as the degree of chemical

damage increased. That is, the chemical solutions led

the microstructures of the specimens to deteriorate.

The deterioration gradually increased with the

increase in chemical soaking time. The chemical

damage accumulated and might have resulted in

varying degrees of deterioration of the physical

mechanical parameters.

The regression analysis was done on the results

shown in Fig. 19. The relations between the physical

mechanical parameters of the sandstone and the

damage variables were obtained as follows:

KIc ¼ 3:089e� 0:398D; R2 ¼ 0:9651 ð8Þ

rt ¼ 7:5476e� 0:353D; R2 ¼ 0:9553 ð9Þ

r ¼ 89:63e� 0:331D; R2 ¼ 0:9565 ð10Þ
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Figure 17
The relationship between Ca2? and Mg2? of different chemical solutions and chemical corrosion time
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The relationship between damage variable of sandstone and

chemical corrosion time under different chemical solutions
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c ¼ � 4:2625D þ 23:317; R2 ¼ 0:9411 ð11Þ

/ ¼ � 3:9286D þ 42:564; R2 ¼ 0:9539 ð12Þ

vp ¼ � 102:27D þ 3701:6; R2 ¼ 0:9757 ð13Þ

A linear regression analysis was done on the

results shown in Fig. 20. The relations between the

Ca2? and Mg2? ions dissolved in chemical solutions

and the damage variables were obtained as

D ¼ 0:061 Ca2þ
� �

þ 0:0733; R2 ¼ 0:9295 ð14Þ

D ¼ 0:1379 Mg2þ
� �

þ 0:2644; R2 ¼ 0:9072 ð15Þ

4.4. Effects of the Ion Concentration on the Physical

and Mechanical Parameters

The relations between the physical and mechan-

ical parameters of sandstone specimens and ion

concentration dissolved in chemical solutions are

shown in Fig. 21.

As seen in Fig. 21, there were clear consistencies

in the relations among the degree of damage to

mechanical parameters, physical parameters, and ion

concentrations dissolved in the chemical solutions.

During the process of chemical damage, the greater

the concentrations of Ca2? and Mg2? ions dissolved

in a solution, the greater the deterioration degree of

physical mechanical parameters.

By substituting Eqs. (14) and (15) into Eqs. (8)

and (13), the correlation relations among physical and

mechanical parameters of sandstone, damage
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The relationship between physical mechanical parameters of sandstone and damage variable under different chemical solutions
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variables, and ion concentrations of calcium and

magnesium were obtained.

4.5. Microstructural Characteristics of Sandstone

The surface microstructure of specimens

immersed in chemical solutions was observed using

an XTL-100E stereomicroscope. Figures 22 and 23

show scanning electron microscopy (SEM) images of

the internal microstructure of specimens after

5 months of chemical soaking time in different

chemical solutions.

As can be seen from Fig. 22, there was an absence

of pitting corrosion and holes on the surfaces of the

sandstone, and the surface mineral particles were

relatively large with sharp edges and corners. How-

ever, the surfaces were seriously degraded by

corrosion in different chemicals; for example, there

were varying degrees of pitting corrosion and holes.

In addition, the sizes of the holes and the degrees of

pitting corrosion gradually increased with an increase

in chemical soaking time, and the damage degree to

microstructures on the surfaces of the specimens

gradually increased. However, the damage degrees to

sandstones immersed in different chemical solutions

varied.

During the first month, there was a greater degree

of hole and pit corrosion damage to the surfaces of

sandstone immersed in the acidic Na2SO4 (pH = 3.0)

solution, but there was no evident change for
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Figure 21
The relationship among the damage degree of physical and mechanical proprieties and Ca2? and Mg2? ions concentration dissolved in the

corresponding chemical solution
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specimens immersed in the Na2SO4 (pH = 7.0) or

Na2SO4 (pH = 12.0) solution. Meanwhile, many

white precipitates were deposited on the surface of

specimens immersed in the Na2SO4 (pH = 12.0)

solution. The possible cause was the main ingredi-

ents, Ca (OH) 2 and Mg (OH) 2, which hindered the

percolation of chemical solutions into the interior of

the specimens and inhibited chemical damage to the

sandstone specimens. Meanwhile, the consumption of

H? in the solution gradually decreased through

chemical reactions between the water and the rock,

which caused the chemical solutions to become

weakly alkaline. The alkaline environment was

conducive to the precipitation of these white precip-

itates, which exacerbated the hindrance effect. This

indirectly showed that the alkaline chemical solution

had a certain protective effect on the specimens.

Later, the white precipitation gradually disap-

peared until 2 months of chemical soaking time, and

the size of holes and the degree of pitting corrosion

on the surfaces of the sandstone gradually increased.

This may explain why the damage of specimens in

the Na2SO4 (pH = 7.0) solution was greater than that

in the alkaline Na2SO4 (pH = 12.0) solution. Later,

the white precipitate gradually disappeared as the

chemical soaking time increased (2–5 months), and

holes and pitting corrosion increased on the surfaces

of the specimens. However, the degree of chemical

damage on the surfaces of specimens in the Na2SO4

(pH = 12.0) solution was still less than that in the

acidic Na2SO4 (pH = 3.0) solution and greater than

that in the Na2SO4 (pH = 7.0) solution.

As can be seen in Fig. 23, there were varying

degrees of internal corrosion degradation of the

samples as they suffered the effects of the chemical

solutions. The internal morphology of the sandstone

specimens was relatively coarse in its natural state.

The main component was SiO2, as found from the

energy dispersion spectrum obtained by SEM; the

mineral particles were relatively large, the edges and

corners of the mineral grains were very clear, and the

structure of the internal morphology was dense.

(a1) 0 month (a2)1 month (a3) 2month (a4) 3month (a5) 4month (a6) 5 month

0.01 mol/L Na2SO4 pH=3.0

(b1) 0 month (b2)1 month (b3) 2month (b4) 3month (b5) 4month (b6) 5 month
0.01 mol/L Na2SO4 pH=12.0

(c1) 0 month (c2) 1 month (c3) 2month (c4) 3month (c5) 4month (c6) 5 month
0.01 mol/L Na2SO4 pH=7.0

Figure 22
Photos of surface microstructure of sandstone specimens under different chemical solutions
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However, in our specimens, many small mineral

particles were generated in the rock under the effects

of various chemical solutions, and the edges and

corners of the mineral grains gradually disappeared or

became smoother, while the roughness of the mineral

grains gradually decreased and the sandstone struc-

ture became looser.

Figure 23 shows that the particle sizes in the

sandstone specimens gradually decreased under the

effect of the chemical solutions compared with those

in sandstone in the natural state, contributing to the

fragility of their structures. There were also differ-

ences in the chemical damage to the internal

microstructures of the specimens in different chem-

ical solutions. The grain sizes of the sandstone

decreased, the cementing material eroded away in

the acidic Na2SO4 (pH = 3.0) solution, and the

roundness of the sandstone grains increased. The

microstructure deteriorated more when specimens

were immersed in the Na2SO4 (pH = 7.0) and

Na2SO4 (pH = 12.0) solutions than under natural

conditions, but the deterioration was less than for

specimens immersed in the Na2SO4 (pH = 3.0)

solution. This indicates that the acidic Na2SO4

(pH = 3.0) solution aggravated the chemical damage

deterioration to the internal microstructure of the

sandstone.

4.6. Analysis of the Damage Variable Mechanism

A series of complex physical and chemical

reactions occurred between the sandstone and the

chemical solutions. The reactions caused varying

degrees of damage to the microstructure of the

sandstone and loosened and weakened the specimens

by, for example, increasing their porosity, deteriorat-

ing their mineral particles, and finally changing their

mechanical characteristics and stress states. In actual

engineering, many geological disasters are closely

associated with the complex process of water–rock

corrosion. The mineral composition of our sandstone

specimens was not homogeneous. As a result, due to

(a1) (b1) (c1) (d1) 

(a2) (b2) (c2) (d2) 

(a3) (b3) (c3) (d3) 

(a) Natural state 2SO4, pH =7.0 (c) Na2SO4, pH = 12.0(b) Na (d) Na2SO4, pH = 3.0

Figure 23
SEM images of sandstone specimens under different chemical solutions after 5 months of corrosion
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differences in deformation characteristics and force

transfer rates during loading, the internal stress fields

of the specimens cause an uneven distribution of

stresses and stress concentrations. These led to

microcrack initiation in the tips of the prefabricated

cracks. The interactions mentioned above all

occurred at basically the same time and influenced

each other.

The sandstones used in the tests were identified

via mineral appraisal as medium and fine calcareous

quartz sandstones. The main mineral composition

comprised quartz, feldspar (e.g., potassium feldspar,

sodium feldspar, and calcium feldspar), small

amounts of mica (biotite and white mica), and small

amounts of debris and metal minerals. The type of

cementation was porous cement; its main ingredient

was a carbonate. The formula of quartz was SiO2 and

alkaline oxide; the formulas of potassium feldspar or

potash feldspar, sodium feldspar, and calcium

feldspar were KAlSi3O8, NaAlSi3O8, and CaAl2-
Si3O8, respectively. The formula of mica was

KAl3Si3O10 (OH)2, and the formula of the main

composition of carbonate cement was CaCO3. In

addition, the formulas of other minerals in the

sandstone, for example, Fe2O3, K2O, Al2O3, and

MgO, were TiO2, MnO, Na2O, and CaO respectively.

There are various chemical reactions between

water and rock in various chemical solutions. These

are as follows:

MgOþ H2O ! Mg OHð Þ2 ð16Þ

Na2Oþ H2O ! 2Naþ þ 2OH� ð17Þ

K2Oþ H2O ! 2Kþ þ 2OH� ð18Þ

CaOþ H2O ! Ca OHð Þ2 ð19Þ

SiO2 þ 2H2O ! H4SiO4 ð20Þ

SiO2 þ 2OH� ! H2Oþ SiO2�
3 ð21Þ

KAlSi3O8 þ 6OH� þ 2H2O

! Kþ þ 3H2SiO
2�
4 þ Al OHð Þ�4 ð22Þ

NaAlSi3O8 þ 6OH� þ 2H2O

! Naþ þ Al OHð Þ�4 þ3H2SiO
2�
4 ð23Þ

Al2O3 þ 2OH� ! AlO�
2 þ H2O ð24Þ

KAl3Si3O10 OHð Þ2þ8OH� þ H2O

! 3Al OHð Þ�4 þKþ þ 3SiO2�
3 ð25Þ

KAlSi3O8 þ 4Hþ þ 4H2O ! Al3þ þ 3H4SiO4 þ Kþ

ð26Þ

NaAlSi3O8 þ 4Hþ þ 4H2O

! Al3þ þ 3H4SiO4 þ Naþ ð27Þ

CaCO3 þ 2Hþ ! H2Oþ Ca2þ þ CO2 " ð28Þ

Na2Oþ 2Hþ ! 2Naþ þ H2O ð29Þ

MgOþ 2Hþ ! 2Mg2þ þ H2O ð30Þ

2Al2O3 þ 6Hþ ! 2Al3þ þ 3H2O ð31Þ

CaOþ 2Hþ ! 2Ca2þ þ H2O ð32Þ

K2Oþ 2Hþ ! 2Kþ þ H2O ð33Þ

2Fe2O3 þ 6Hþ ! 2Fe3þ þ 3H2O ð34Þ

KAl3Si3O10 OHð Þ2þ10Hþ ! Kþ þ 3H4SiO4

þ 3Al3þ ð35Þ

CaMg CO3ð Þ2þ4Hþ ! Ca2þ þMg2þ þ H2O

þ CO2 " ð36Þ

In addition to the chemical reactions mentioned

above, dissolution and hydrolytic actions took place

between the water and the rock. Hydrolytic action

occurred between the K?, Ca2?, Na?, and Mg2? of

the rock minerals and the OH- ions in the solutions

and caused the minerals to dissolve and generate new

minerals. The dissolution action caused the sandstone

minerals to dissolve and the porosity of the rock to

increase, and finally the rock became soft and weak.

When the sandstone was immersed in 0.01 mol/L

Na2SO4 (pH = 7.0), only chemical reactions of types

(16), (17), (18), (19), and (20) occurred; there were

no violent chemical reactions between water and

rock, and the products were poorly soluble in water;

for example, H4SiO4, Ca(OH)2, and Mg(OH)2.

Although these reactions caused the rock to become

loose, there may have been certain repair effects on

the original crack fractures of the sandstone. After the

chemical reaction between the K2O and Na2O of the

sandstone and the Na2SO4 (pH = 7.0) solution, the

K? and Na? ions of the chemical reactants migrated
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out of the sample into solution, which caused the

chemical damage to the rock to increase. However,

there was little effect on the mechanical characteris-

tics of the specimens owing to the low level of K2O

and Na2O in the sandstone.

This led to the chemical reactions between the

sandstone and the acidic Na2SO4 (pH = 3.0) solution

being more severe and more varied; for example,

types (26), (27), (28), (29), (30), (31), (32), (33), (34),

(35), and (36). Most reaction products were in the

form of ions that loosened the sandstone and

increased its porosity. Therefore, the mechanical

characteristics of the sandstone deteriorated with the

increase in corrosion time when they were immersed

in the Na2SO4 (pH = 3.0) solution.

When the sandstone was immersed in the Na2SO4

(pH = 12.0) solution, chemical reactions of only

types (21), (22), (23), (24), and (25) occurred. During

the initial stages of the tests, it was more advanta-

geous for reaction products to fill the initial pore

defects of sandstone soaked in Na2SO4 (pH = 12.0)

than those in Na2SO4 (pH = 7.0), which, to a certain

extent, eased the chemical damage effect of Na2SO4

(pH = 12.0) on the sandstone. The degree of degra-

dation of mechanical characteristics of specimens in

the Na2SO4 (pH = 12.0) solution was less than that in

the Na2SO4 (pH = 7.0) solution. However, sedimen-

tation gradually increased with the continuous effect

of chemical corrosion and expanded. This increased

the porosity of the specimens and promoted infiltra-

tion of chemical solutions into them. This indicates

that the chemical damage to the specimens and the

degradation degree of their mechanical parameters

increased in an alkaline environment.

Figures 24 and 25 show that the internal mor-

phology of the sandstone specimens was relatively

(a) Analysis of the corresponding area (b) Energy spectrum diagram

(c) Table of element content

Element Wt% Wt% Sigma Atomic percent /%

C 6.59 0.36 12.03

O 30.85 0.26 41.27

Na 0.91 0.09 0.96

Mg 0.76 0.08 0.84

Al 8.90 0.15 7.36

Si 40.37 0.33 31.66

K 5.74 0.16 3.26

Ca 1.67 0.14 0.96

Fe 4.32 0.30 1.71

Total 100.00 100.00

Figure 24
Energy spectrum analysis of sandstone specimens under natural state
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coarse in its natural state, it was composed mainly of

SiO2, as found from the energy dispersion spectrum

obtained by SEM, the edges and corners of the

mineral grains were very clear, and the structure of

the internal morphology was dense. However, there

were varying degrees of internal corrosion degrada-

tion of the specimens when they suffered from the

effects of various chemical solutions. Furthermore,

many small mineral particles were generated in the

rock under those effects; meanwhile, the edges and

corners of the mineral grains gradually disappeared or

became smoother, while the roughness of the mineral

grains gradually decreased and the sandstone struc-

ture became looser. The calcareous cement of the

sandstone samples submerged in the Na2SO4 (pH =

3.0) solution was found to be completely corroded.

Moreover, the results of energy-dispersive X-ray

spectroscopy testing show that none of the Ca2?

elements were present and that the amount of other

elements had also decreased relative to what was

typically found in the samples’ natural state.

The damage to the microstructures increased the

porosity and internal defects of specimens under the

effect of chemical solutions. In addition, damage to

specimens gradually increased as the duration of

chemical damage increased, which hindered disloca-

tion movement during loading. The loading induced

pressure on the specimens, and the pore defects closed,

which further improved the sandstone microstructure.

To some extent, this alleviated the deterioration of

specimens under the effect of chemical solutions.

During our experiments, we found sand particles

at the bottom of the vessel used for soaking the

sandstone specimens. As the chemical damage dura-

tion increased, the number of sand particles gradually

increased, indicating that the porosity of the sand-

stone increased. As the corrosion continued, the

specimens changed from a relatively dense state to a

loose state because of the increase in porosity.

5. Conclusions

1. The sandstone specimens showed obvious deteri-

oration under the effect of chemical solutions.

During the corrosion, the stress–strain curves of

the specimens gradually moved downward and to

the right as the corrosion duration increased. The

(a) Analysis of the corresponding area (b) Energy spectrum diagram

(c) Table of element content

element wt% wt% Sigma atomic percent /%

O 24.64 0.89 39.23

Al 10.47 0.56 9.88

Si 43.89 1.13 39.81

K 7.65 0.65 4.98

Fe 13.35 1.60 6.09

Total 100.00 100.00

Figure 25
Energy spectrum analysis of sandstone specimens under 0.01 mol/LNa2SO4, pH = 3.0
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brittleness of the specimens gradually declined,

and their plasticity significantly increased as the

specimens transitioned from brittle to ductile

states.

2. Chemical damage deteriorated the specimens’

microstructures. Deterioration gradually increased

as the chemical damage duration increased. The

accumulated corrosion damage deteriorated the

physical mechanical properties to various extents.

Deterioration damage to the mechanical properties

differed in different chemical solutions; the dam-

age degree deterioration of the internal friction

angle was the least and that of KIc was the greatest.

3. There were consistent relations among the degrees

of damage to mechanical and physical properties

and the ion concentrations dissolved in the various

chemical solutions. The greater the ion concen-

tration in a chemical solution, the greater the

deterioration of the physical and mechanical

characteristics of the specimens.

4. The damage variable was defined to quantitatively

analyze the degree of damage to the sandstone

based on the change in its porosity. The relations

among KIc, uniaxial compressive strength, tensile

strength, and the damage variable were negative

exponential functions, whereas the relations

among the cohesiveness, internal friction angle,

P-wave velocity, and the damage variable were

negative linear functions.
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