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Fracture of rock affected by chemical erosion environment
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Abstract. As one natural material, the physical and mechanical properties of rock will be affected very largely by
chemical erosion environment. Under chemical environment, the strength of rock will be reduced. Considering the
effect of the chemical erosion, fracture factor of rock is reduced. The damage variable is applied to express the
change of fracture stress. Therefore, the fracture criterion of rock under chemical environment is constructed. By one
experiment of rock fracture under chemical erosion environment, the proposed fracture criterion is verified. The
results show that, the fracture path by theory is agree with the testing one well.
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1. Introduction

Rock is one discontinuous, heterogeneous and anisotropic geological body. The expanding and
communicating of the discontinuities, such as joint and fissure, are the key cause of the rock
broken. Therefore, the theory and experiment studies on the principles of fissure expanding and
communicating are the main problem of rock mechanics (Gao ef al. 2015, Liu et al. 2014, Pu and
Cao 2012, Wei et al. 2015, Yu et al. 2014, Zhang et al. 2010).

As one natural geological body, rock is generally corroded by the water-chemical environment,
such as the acid rain, pollution water, etc. (Mukhopadhyay et al. 2013, Grgic and Giraud 2014,
Guo et al. 2014). For the erosion, the connection of mineral particles in the rock is weakened, and
the physical and mechanical properties of rock are deviated for the change of granular lattice. At
the same time, the water chemical solution can corrode the rock and carry out the dissolution
materials. Therefore, the property of rock will become bad, and then the rock engineering will be
dangerous. Because it is very important to study on the affection of the chemical erosion to the
rock material, nowadays, there are some researches on this field (Chen et al. 2014, Ding and Feng
2009, Feng et al. 2010, Kazempour 2012, Li et al. 2014, Min et al. 2009, Pandey et al. 2014,
Poulet et al. 2012, Taron et al. 2009, Wang 2012, Zhao et al. 2014). For it is a new research field
of rock mechanics, it still requires some improvements.

In this study, based on the energy fracture criterion proposed by author, the new fracture
criterion for rock with multi-preexisting cracks under chemical erosion is proposed. At last, based
on the experiment of rock fracture under chemical erosion, the proposed fracture criterion is
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verified.

2. Fracture principles for rock with cracks under chemical erosion

From previous studies (Feng et al. 2010), the erosion affect of the chemical solution on the rock
is reflected by the change of elastic modulus. However, considering the cracks in the rock, it is
reflected by the increase of crack length and the decrease of fracture stress. Therefore, the fracture
factor of rock is reduced, and the damage variable is applied to express the change of fracture
stress. Then, the fracture criterion of rock with cracks under chemical erosion can be constructed.

From previous studies (Gao et al. 2011), the fracture criterion of rock with cracks based on the
energy principles is as follows
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where, K, K. are the stress intensity factor and the fracture toughness of crack mode I,
K is the stress intensity factor of crack mode 11,
6 is the angular coordinate,
1 is the Poisson ratio.

The model for the rock crack is as shown in Fig. 1.
According to the theories of the fracture mechanics (Gross and Seelig 2011), the normal stress
and shear stress on the surface of crack are as follows
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Without chemical erosion, based on the linear elastic fracture mechanics (Gross and
Seelig2011), there are follows equations
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Fig. 1 Simple model for rock crack
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where, K. is the fracture toughness of crack mode I,
a is the length of crack,
o. and 7, are the fracture stresses of rock.

Therefore, the initial cracking stress intensity factors of crack modes I and II under
compression-shear state are as follows
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Based on the complex variable function method (Horri and Nemat-Nasser 1985), from the
sliding crack model (Horri and Nemat-Nasser 1985, Gross and Seelig 2011), the expanding
cracking stress intensity factors are as follows
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where, [" is the equivalent expanding crack length to fit the analytical solution, which almost
equals to 0.27a.
[ is the length of the main crack,
7. 1s the equivalent shear for the main crack,
o, and 7, are the normal stress and shear stress on the surface of the main crack, which
can be described as
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The detailed descriptions for the above Eq. (8) can be found in reference (Gross and Seelig
2011).

Considering the effect of the chemical erosion, to compute simply, the same damage variable D
is applied to the crack length and the fracture stress. Thus, from Egs. (4) and (5), the stress
intensity factors and the fracture toughness of crack modes I and II are as follows

K, =o\Jma(1+D), K, =c,(1-D\Wm (10)
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The initial cracking stress intensity factors of crack modes I and II are as follows
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The expanding cracking stress intensity factors are as follows
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When the K increases to the critical stress intensity factor, there are follow equation
K, =K, (15)

From the Eq. (1), there are follow equations

o1+ D (1-D) =, m (16)
K,, = o1+ D7 /(1- D) (17)
K. = N1+ D /(1- D) (18)

The Egs. (10)-(13) and (16)-(17) are all substituted the parameters in Eq. (1), and then, the
fracture criterion for rock with cracks under chemical erosion can be obtained.
As K; = K;., the normal stress for the crack whose expanding length is 2/ is as follows
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where, b is the space between the cracks,
c is the original length of crack.

At the nearby of the free surface, o, = 0, therefore, the Eq. (19) can be described as follows
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The critical expanding length of crack in the rock is as follows
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When the stress o increases to the critical value o, the initial cracking will grow at the crack
tip. And then, the crack will expand until its length is to the critical expanding length. As the stress
increases, the crack expanding condition is satisfied, and then the cracks will expand quickly.
Therefore, the cracks will communicate, and the rock will be broken.

3. Experiment verification
3.1 Introduction of the experiment

The specimens are sandstone and limestone. Their mechanics parameters are as follows,

For the sandstone, the Young’s modulus £ is 2.8% 10* MPa, the Poisson’s ratio wis 0.25.

For the limestone, the Young’s modulus E is 3.5x10* MPa, the Poisson’s ratio yx is 0.15.

The chemical solution is NaCl solution, whose concentration is 0.01mol/L. The PH values of
solution are 2, 7 and 12.

The specimen is one cuboid, whose length, width and height are 50 mm, 50 mm and 100 mm,
respectively. Three cracks are executed in the specimen. From top to bottom, the cracks are
marked as crack 1, crack 2 and crack 3. The inclination of cracks are as follows, 45°, 45° and 105°.
The lengths of the cracks are all 10 mm. The spacing intervals are all 20 mm. The layout of the
specimen is shown in Fig. 2.

In each experiment, one group of specimens for sandstone and limestone, respectively, are used.
In each group, there are five specimens. The specimens are putted into the chemical solution and
soaked for about 28 days. After the specimen was soaked in the solution for the given time, it was
tested. In the testing, the specimen is put into the loading box. And the chemical solution is
injected into the box. Then the loading box is used for compression test. At last, the damage
process curves and acoustic emission process curves can be obtained. Because the testing laws
under three PH values are the same, the typical results for PH value of 2 are used in this study.

The typical results of acoustic emission test are shown in Figs. 3 and 4.

As shown in Fig. 3, when the stress reaches to the 20% of the strength, the acoustic emission
events in the specimen is little and separate distribution. In this stage, the original cracks and
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(a) Two-dimension (b) Three-dimension

Fig. 2 Layout of specimen for two-dimension and three-dimension
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Fig. 3 Acoustic emission test results for limestone specimen in the solution whose PH value is 2
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Fig. 4 Acoustic emission test results for sandstone specimen in the solution whose PH value is 2
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Fig. 5 Fracture process of rock specimen in the solution whose PH value is 2
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defects will be squeezed. When the stress reaches to the 30-50% of the strength, the original cracks
will be extended, and the acoustic emission events will centralize in the range of the crack tip.
When the stress reaches to the 60-80% of the strength, the acoustic emission events will be more
and more concentrated, and distributes along one path. When the stress reaches to the 100% of the
strength, the acoustic emission events distributes very concentration, and the cracks communicate.
As shown in Fig. 4, the process of the sandstone specimen is the same with that of the limestone
specimen. But the fracture process of sandstone is slow, and the acoustic emission events are less.
Therefore, the influence of chemical corrosion on the limestone is more seriously than that on the
sandstone.

Based on above test results, the fracture process of rock specimens can be obtained, which are
as shown in Fig. 5.

3.2 Theory analysis of the fracture process

Because the spacing interval between the adjacent cracks is large and the volume is small, to
simplify the computation, the computing of the stress intensity factor at the crack tip is not affected
by other cracks. This hypothesis is only used at the beginning of the crack expanding. In the later
period of crack expansion, the spacing interval between the adjacent cracks will be little, therefore,
the effect of adjacent cracks must be considered. Thus, the improved Kachanov method (Jaeger et
al. 2009) is used to analyze the interrelationship of cracks after the crack expanding. In this
method, the traction in a crack is decomposed into a linearly varying component and a non-
uniform component. The magnitude of each component is computed by assuming the resultant
force of the non-uniform component to be zero and the sum of the two components to be equal to
the total traction at every point along the crack length. In considering the interaction between the
two cracks, the effect of the non-uniform component is ignored. The linearly varying component is
chosen in such a way that it is in equilibrium with the pseudotraction. It is further assumed that the
interaction effect due to the non-uniform component can be neglected, and therefore, only the
effect of the linearly varying component has to be considered. Based on equivalence principle, the
pseudotractions of the cracks can be obtained. For each crack, the average tractions equations can
be established. Therefore, there will be a number of equations, which equals to the double number
of the cracks, with the same number of ‘average’ tractions as the unknowns. On solving these
equations, we can determine the ‘average’ tractions. Having the ‘average’ tractions determined,
one can then obtain the updated tractions acting on these cracks and determine the stress intensity
factors for each crack in the usual manner.

For the sandstone, the fracture toughness of crack modes I and II for three cracks at beginning
are all K;c=0.75 Mpa-ml/2 and Kj;;c=0.43 Mpa-m”z. The friction coefficient is 0.2.

Because the initial cracks are under compression-shear state, the initial cracking fracture
criterion is as follows

K;sinf, + K;(3cosd, —1)=0 (22)

(3—4u—cosO)1+cosO)K? +4sinO2u—1+cosO)K K,
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According to previous study (Feng et al. 2010), the damage variable D can be described as
follows
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D = —Exp[m, + m, Exp[pH |+ m,Exp[- pH ||+ 0.8032 (24)

where, m;, m, and m; are material parameters, which can be determined by the experiment.

The Eq. (24) mainly considers the affection of chemical erosion on the Young's modulus, but
under real chemical erosion condition, the void in the rock will grow. To consider the affection of
chemical erosion comprehensively, from the general multiple relationships between the main
variables and secondary variables, based on the testing results in our study, the above function
should be improved. Therefore, one correction factor which is 1.05 is introduced into the Eq. (24).
Moreover, the experimental constant also has been corrected. It must be point that the correction
factor is one experience value and from the summary of the experimental results. Therefore, the
damage variable D can be described as follows

D = —1.05Exp|[m, +m, Exp[pH |+ m, Exp[- pH]|+0.8434 (25)

For the sandstone specimen which is corroded by the chemical solution whose PH value is 2,
the material parameters are as follows, m; =—1.0974, m, =—-1.679811x 10'4, msy =—2.0493,

The expanding length of crack can be computed by Eq. (21).

According to Egs. (21), (22), and (23) the initial cracking angles and initial cracking lengths of
all cracks are as follows,

As for crack 1, 8., = 45.22°, [, = 0.008 m.
As for crack 2, 6, = 38.02°, [, = 0.0075 m.
For crack 3, 6.5 =30.03°, /5 =0.0066 m.

The initial cracking state is as shown in Fig. 6(a).
According to Eqgs. (22) and (23), the fracture toughness after the cracks expanding are as
follows

As for crack 1, K;- = 0.4525 Mpa-rn”z, K c=0.3622 Mpa-m”z.
As for crack 2, K;c = 0.4875 Mpa'm'?, Kj;c = 0.3345 Mpa-m"”,
As for crack 3, K;c=0.5375 Mpa-m”z, K0 =0.3685 Mpa-m”z.

According to the Egs. (14) and (21) and follow Egs.

3Kj ++/K{ +8K{ K} 26)

6. = arccos > >
K{ +9K;

(3—4u—cosO)1+cosO)K? +4sinO2u—1+cosO)K K,

27
+[4(1- p)1-cos @)+ (1+cos@)3cosO-1)|K3 = 4(1-2u)K?, @7

The crack angle and expanding length of the first expanding are as follows,

As for crack 1, 8., = 56.45°, [, =0.0011 m.
As for crack 2, 6, =48.22°, 1, =0.0014 m.
As for crack 3, 0.5 = 55.26°, I3 = 0.009 m.

The first expanding state is as shown in Fig. 6(b).
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(a) Initial cracking state (b) First expanding (c) Second expanding  (d) Communicating state

Fig. 6 Fracture process of sandstone specimen

Considering the interrelationship of cracks, the fracture toughness of three cracks are as follows,

As for crack 1, K;c = 0.2624 Mpa'm'?, Kj;c = 0.2204 Mpa-m"”,
As for crack 2, K;c = 0.3237 Mpa‘m”z, K c=0.2854 Mpa-m”z.
As for crack 3, K;c=0.3375 Mpa-m”z, K;c=0.2864 Mpa-m”z.

The crack angle and expanding length of the second expanding are as follows,

As for crack 1, 6,; = 55.14°, [, = 0.014 m.
As for crack 2, 6., =47.24°, [, =0.012 m.
As for crack 3, 6.5 =50.14°, ;= 0.011 m.

The second expanding state is as shown in Fig. 6(c).

Based on above analysis, when K; > K¢, the cracks will communicate, and the rock will be
broken.

The communicating state is as shown in Fig. 6(d).

Comparison the fracture path in Figs. 6 and 5, it can be found that, the two fracture paths are
coincided well.

For the limestone, the fracture toughness of crack modes I and II for three cracks at beginning
are all K;c=0.52 Mpa-ml/2 and K;;0=0.28 Mpa-m”z. The friction coefficient is 0.25.

Using the same analysis as that of the sandstone, the follow results can be obtained.

The initial cracking angles and initial cracking lengths of the cracks are as follows,

As for crack 1, 8., =45.87°,/,=0.017 m.
As for crack 2, 8., =47.05°, [, =0.012 m.
As for crack 3, 6.5 =58.25°, [;=0.011 m.

The crack angle and expanding length of the first expanding are as follows,

As for crack 1, 8., = 60.12°, [, =0.018 m.
As for crack 2, 8., = 54.02°, ;= 0.015 m.
As for crack 3, 8.5 =57.04°, 5 =0.015 m.

The crack angle and expanding length of the second expanding are as follows,

As for crack 1, 6., = 57.11°, [, = 0.020 m.
As for crack 2, 8., = 48.38°, [, =0.017 m.
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(a) Initial cracking state (b) First expanding (c) Second expanding  (d) Communicating state

Fig. 7 Fracture process of limestone specimen

As for crack 3, 6. =51.42°, ;=0.019 m.

The fracture process is as shown in Fig. 7.

Comparison the fracture path in Figs. 7 and 5, it can also be found that, the two fracture paths
by theory in this study and by experiment are coincided well.

Because the fracture path by the theory in this study is similar with the experimental one, the
theory analysis in this study is feasible.

4. Conclusions

Considering the effect of the chemical erosion, fracture factor of rock is reduced. And the
damage variable is applied to express the change of fracture stress. Then, the fracture criterion of
rock under chemical erosion is constructed. Using this fracture criterion, the initial crack, crack
expanding and crack communication can all be analyzed. And then, the fracture path of rock can
be found. By one experiment of rock fracture under chemical erosion, the proposed fracture
criterion is verified. From the initial crack, crack expanding and crack communication, the results
of the theory are all agree with the experimental results well.
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