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Abstract Based uniaxial compression tests of

altered granite, the weakening laws of rock strength

and energy mechanism of rock failure for altered

granite subjected to wet–dry cycles are analyzed.

Results show that: (1) with increasing number of wet–

dry cycles, the rock weakening coefficient and damage

variables increase gradually. The maximum weaken-

ing coefficient of altered granite-1 was 50.22%, and

the damage variable was up to 63.84%. The maximum

weakening coefficient of altered granite-2 was

43.22%, and the damage variable was up to 44.00%.

(2) The total energy of rock increases gradually with

the number of wet–dry cycles. Elastic strain energy in

the rock increases first then decreases. The energy

storage limit decreases gradually, showing a linear or

exponential relationship with the number of wet–dry

cycles. (3) The rock damage energy mechanism under

wet–dry cycles is obtained via the rock dissipation

energy. The rock dissipation energy increases

gradually as the number of wet–dry cycles increases.

Wet–dry cycles causes irreversible damage to the rock

internal structure.

Keywords Wet–dry cycles � Weakening

coefficient � Damage variable � Energy mechanism

1 Introduction

Water flow commonly weakens the mechanical prop-

erties of rock and soil. For example, water level

variations in a hydropower station or tailings reservoir

can reduce the rock strength. At present, the weaken-

ing of rock strength caused by water–rock interaction

are analyzed by many research results (Akcanca and

Aytekin 2014; Zhao et al. 2017; Kassab and Weller

2015; Waragai 2016). The weakening of mechanical

properties, such as uniaxial compressive strength,

elastic modulus, shear strength parameters, and the

sensitivity of water rock interactions varies for differ-

ent types of rocks (Sharma et al. 2017; Zhao et al.

2017; Liu et al. 2014a, b, 2016; Qin et al. 2018). The

rock deformation and failure is the damage of the

internal structure of the rock essentially. The weak-

ening of macroscopic rock strength is an external

characterization of the internal rock structure. The

primary research methods for examine rock damage

cause by water include scanning electron microscopy

(SEM), computed tomography (CT) scanning, and
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nuclear magnetic resonance (NMR), which are used to

observe the internal structure of rock specimens under

water–rock interaction, and qualitatively analyze the

internal structural damage caused by water–rock

interactions. Relevant numerical analysis software,

such as particle flow code (PFC), is used to examine

internal fractures propagation (Chen and Gong 2018;

Özbek 2014; Khanlari and Abdilor 2015; Yao et al.

2016; Bian et al. 2019). Existing research methods for

examining macro–meso damage caused by water–

rock interactions are mainly qualitative analysis or

quantitative characterization from mechanical tests

and some meso-mechanical tests. Rock energy dissi-

pation is the essential attribute of rock deformation

and failure, mainly reflecting the generation, contin-

uous development, weakening and ultimate loss of

micro-defects inside the rock. The energy dissipation

of rock can reflect the internal structural damage in the

rock.

In this contribution the reduction of rock strength

due to wet–dry cycles was examined, and energy

damage mechanisms were analyzed from the perspec-

tive of energy dissipation to analyze the rock damage

characteristics related to wet–dry cycles.

2 Uniaxial Compression Test

2.1 Test Design Method

The rock samples were processed into cylindrical

samples through core drilling and sawing, standard

cylindrical samples (50 mm diameter 9 100 mm

length) were obtained. One drying–wetting cycles

was defined as, the rock specimens were placed into a

soaking box for 24 h at room temperature, after which

they were placed into a drying box (at 105 �C) for

12 h. The testing procedure was shown in Fig. 1.

2.2 Uniaxial Compression Test Curve

In order to simulate the influence of the water level

fluctuation on the rock, the wet–dry cycles test was

designed to carry out during uniaxial compression

testing. The strength weakening coefficient and degree

of deterioration were defined according to the uniaxial

compression test results (Fig. 2).

The uniaxial compression stress–strain curve shows

five distinct stages, including internal defect closure

stage, linear elastic deformation stage, unsteady

rupture stage, plastic yield stage and strain softening

stage.

1. Internal defect closure stage (OA): Due to miner-

alization and alteration of gold deposits as well as

axial stress loading, the surrounding granite

develops internal pores and fissures. The average

elastic modulus of the closed section of the rock

specimen decreases gradually with increasing

number of wet–dry cycles. The internal rock

structure was damaged, and the primary pores and

fractures expanded.

2. Linear elastic deformation stage (AB): Once the

internal defects of the specimen are closed and

compacted, the rock stress–strain curve shows an

approximately linear change, and the elastic

modulus remains basically unchanged. The elastic

modulus of the elastic phase is selected as the

eclipse (Fig. 3).

3. Unsteady rupture stage (BC): The curve shows an

obvious concave shape, and the rock undergoes

plastic deformation. Primary fractures continue to

develop, the secondary pores and fractures sprout-

ing. The stress of point C represents the yield

stress (Fig. 2);

4. Plastic yield stage (CD): With application of the

axial load, fractures and pores continuously

expand and finally penetrated the specimen to

form a shear failure surface. The peak strength is

at which shear failure occurs.

5. Strain softening stage (DE): After the specimen

passes the peak stress, the strength gradually

decreases; however, a certain residual strength

still exists, the residual strength decreases with

increasing number of wet–dry cycles.

According to the uniaxial compression stress–strain

curve, the peak strength and elastic modulus of the

rock under different wet–dry cycles can be obtained,

and the Poisson’s ratio is obtained via the longitudinal

and radial deformation (Table 1).

2.3 Uniaxial Compression Strength Degradation

Law

The peak strength and elastic modulus of the rock

gradually decrease with increasing number of wet–dry

cycles, while Poisson’s ratio changes little. To quan-

titatively characterize the degree of rock strength
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Fig. 1 Test procedure
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Fig. 2 Rock stress–strain curve
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deterioration, the rock weakening coefficient and the

rock damage variable are defined in Eqs. (1) and (2):

k ¼ Rt0 � RtN

Rt0

ð1Þ

De ¼
E0 � EN

E0

ð2Þ

where k is the rock weakening coefficient; Rt0 is the

initial compressive strength of the natural rock; Rtn is

the compressive strength of rock after N number of

wet–dry cycles; De is the damage variable; E0 is the

initial elastic modulus of the natural rock; EN is the

elastic modulus of rock after N number of wet–dry

cycles.

The rock compressive strength and elastic modulus

degraded because of wet–dry cycles (Table 2). As for

the altered granite-1, the maximum weakening

coefficient is 50.22%, and the maximum deterioration

degree is 63.84%. For altered granite-2, the maximum

weakening coefficient is 43.22%, and the maximum

deterioration degree is 44.00%. The effect of wet–dry
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Fig. 3 Rock elastic modulus

Table 1 Uniaxial compression test results

Number of cycles Altered granite-1 Altered granite-2

UCS (MPa) Elastic modulus (GPa) Poisson’s ratio UCS (MPa) Elastic modulus (GPa) Poisson’s ratio

0 40.80 10.98 0.325 65.24 11.09 0.325

5 36.54 7.71 0.330 59.89 9.88 0.330

15 32.63 6.56 0.316 53.51 8.69 0.316

20 28.72 5.15 0.328 47.54 8.27 0.328

30 24.11 4.71 0.326 43.63 7.96 0.326

60 20.31 3.97 0.331 37.04 6.21 0.331

Table 2 Rock weakening coefficient and damage variable

Number of cycles Altered granite-1 Altered granite-2

k1 (%) De1 (%) k2 (%) De2 (%)

0 0 0 0 0

5 10.44 29.78 8.20 10.91

15 20.02 40.25 17.97 21.64

20 29.60 53.09 27.13 25.42

30 40.90 57.10 33.12 28.22

60 50.22 63.84 43.22 44.00
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cycles on elastic modulus is greater, and altered

granite-1 is more susceptible to the wet–dry cycles.

The relationships between rock weakening coeffi-

cient, damage variable and the number of wet–dry

cycles follows an exponential function (Fig. 4).

3 Rock Energy Evolution of Wet–Dry Cycles

3.1 Rock Damage Energy Change

Rock deformation and failure is caused by damage to

the rock internal structure, which can be characterized

by a change in energy. The process of rock failure is

composed of energy input, elastic strain energy

accumulation and energy dissipation. The dissipation

of rock energy is primarily manifested in the devel-

opment and expansion of internal fractures, and

energy release is the essential cause of sudden rock

failure (Xie et al. 2004). The composition of energy is

shown in Fig. 5.

It is assumed that there is no heat exchange or

closed system in the indoor test process. For a unit

volume of rock mass under the an external force, the

total input energy is the same, and the rock energy

composition relationship is shown in Eqs. (3) and (4)

(Xie et al. 2005):

W ¼ Wd þWe ð3Þ

W ¼
Ze1

0

r1deþ
Ze2

0

r2deþ
Ze3

0

r3de ð4Þ

where Wd is the dissipated energy, We is the released

elastic strain energy, and the rock mass release strain

energy, is shown in Eq. (5) (Zhang and Gao 2012):

We ¼ 1

2
rie

e
i ð5Þ

where ri is the principal stress of the space element,

and eei is the elastic principal strain of the three
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Fig. 5 Rock energy composition
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principal stress spaces. Given by Einstein’s peace

agreement (Fan et al. 2014):

We ¼ 1

2
rie

e
i ¼

1

2

r2
1

E1

þ r2
2

E2

þ r2
3

E3

� �
� l

1

E1

þ 1

E2

� �
r1r2

��

þ 1

E1

þ 1

E3

� �
r1r3 þ

1

E2

þ 1

E3

� �
r2r3

��
:

ð6Þ

Equation (7) is the simplified version of Eq. (6)

representing uniaxial compression:

We ¼ r2
1

2E
: ð7Þ

3.2 Energy Evolution Under Wet–Dry Cycles

From the perspective of energy evolution, the rock

deformation and failure process is accompanied by

changes in total energy, releasable elastic strain

energy and dissipated energy. The natural rock is not

only affected by external loads, but also may be

affected by environmental conditions. The internal

structure of the rock is constantly changing under the

influence of various external environmental factors,

causing rock damage and instability. By analyzing

energy changes during the rock deformation under the

wet–dry cycles, the total energy in the rocks at

different cycles can be obtained (Fig. 6).

The total energy of altered granite-1 is obviously

different at different cycles. The rock total energy in

the initial rock is the highest. Total energy decreases

gradually as the number of wet–dry cycles increases.

For the altered granite-2, the total energy also

decreases with increasing number of wet–dry cycles,

but the magnitude of the decrease is small.

Rock failure was derived from the release of elastic

strain energy during the loading process. The elastic

strain energy change process includes an energy

storage stage and energy release stage. Elastic strain

energy of the granite changed gradually, and the

elastic strain energy growth rate decreased with

increasing number of wet–dry cycles. In the energy

release stage, the elastic strain energy of the altered

granite decreased gradually, and the elastic strain

energy release rate did not differ much with an

increasing number of wet–dry cycles (Fig. 7).

The maximum elastic strain energy of the rock is

called the energy storage limit (Fan et al. 2014). The

rock energy storage limit under different cycles is

shown in Fig. 8.

The rock energy storage limit decreases with

increasing number of wet–dry cycles. As for altered

granite-1, the energy storage limit decreases linearly

with the number of wet–dry cycles, and the energy

storage limit of altered granite-2 decreases exponen-

tially with the number of wet–dry cycles. The

reduction in rock energy storage limit indicates when

the energy generated by the external load is accumu-

lates inside the rock mass, the energy storage limit is

exceeded in the rock mass, and the wet–dry cycles

accelerates the energy release process.
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Fig. 6 Total rock energy of an increasing number of wet–dry cycles
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3.3 Energy Mechanism of Rock Failure

It is known from the laws of thermodynamics that rock

energy dissipation is the essential property of rock

failure, which mainly reflects the generation, contin-

uous development, weakening and eventually loss of

internal micro-defects. The rock energy dissipation of

two kinds of altered granites under different cycles is

shown in Fig. 9.

It can be concluded that rock energy dissipation is

mainly used in the development and expansion of

internal fractures, and rock energy dissipation

increases with increasing strain. For altered granite-

1, when strain exceeds 6.0 9 103 m, energy dissipa-

tion decreases gradually as the number of wet–dry

cycles increases, and internal fractures development

and expansion accelerates. For altered granite-2, when

the number of dry and wet cycles are 0, 5, and 15,

energy dissipation values do not vary significantly;

however, when strain exceeds 8.0 9 103 m, energy

dissipation varies significantly. The rock specimens

subjected to wet–dry cycles were more prone to

fractures propagation until failure.

Rock energy dissipation results show that the wet–

dry cycles causes damage to the rock’s internal

structure, to some extent weakens the bond between

rock particles, and promotes initiation, development

and expansion of fractures. Weakening of macro-

scopic strength is only the external representation of

the internal structural damage. Energy dissipation

reflects the generation, continuous development and

weakening of the internal micro-defects. The final loss

process is a quantitative representation of the damage

of the internal structure of the rock.

Energy dissipation is directly related to the change

of rock strength. The relationship between stress and

rock dissipation energy under different wet–dry cycles

is shown in Fig. 10.

1. Segment OA: corresponds to the closing phase of

rock internal defects. The rock structure becomes

denser due to the gradual closure of primary pores

and fractures inside the rock. Most of the energy

absorbed by the rock is stored in the form of elastic

strain energy. Point A is the elastic phase transi-

tion point.
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Fig. 7 Rock elastic strain energy for different cycles
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2. Segment AB: corresponds to the elastic deforma-

tion stage. As internal defects in the rock are

closed and compacted, the energy absorbed by the

rock is converted into elastic strain energy. The

rock dissipation energy hardly changes, and point

B represents the elastic phase transition to the

elastoplastic phase.

3. Segment BC: corresponds to the unsteady rupture

stage. Primary fractures in the rock continue to

develop, the secondary pores and fissures sprout-

ing, and rock energy dissipation increases gradu-

ally. As the wet–dry cycles increases, the rock

energy dissipation value increases significantly,

and rock internal structure damage intensifies.

4. Segment CD: corresponds to the plastic yielding

stage. Internal fractures and pores in the rock

continuously expand, and finally penetrate, until

failure. Point C indicates the sudden release of the

elastic strain energy.

4 Conclusions

1. Based uniaxial compression test results, rock

strength weakening characteristics after being

subjected to wet–dry cycles are analyzed. The

weakening coefficient and damage variable of the
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Fig. 9 Rock dissipation energy under different number of wet–dry cycles
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Fig. 10 Relationship between stress and rock dissipation energy
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altered granite gradually increased with increasing

number of wet–dry cycles. The rock strength

weakening coefficient can reach 50.22%, and the

damage variable can reach up to 63.84%. The

effect of wet–dry cycles on the elastic modulus is

significant, and altered granite-1 is more suscep-

tible to the effects of wet–dry cycles.

2. Based on the evolution of rock energy character-

istics, the effect of wet–dry cycles on rock failure

was analyzed. The total energy increases with

increasing strain, and as the number of wet–dry

cycles increases, the total energy of the rock

increases gradually. The elastic strain increases

first and then decreases. The rock energy storage

limit is gradually reduced, and it has a linear or

exponential relationship with the number of wet–

dry cycles.

3. Based on dissipative energy characteristics, the

energy mechanism of rock damage under wet–dry

cycles is determined. The change in rock dissipa-

tive energy mainly reflects damage of rock

internal structure. As strain increases, the dissi-

pated energy increases gradually. Stress and

dissipative energy curves show four stages related

to the rock deformation. As the number of wet–dry

cycles increases, rock dissipation energy increases

gradually, indicating that wet–dry cycles causes

irreversible damage to the rock’s internal

structure.
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