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Abstract Shear fracture triggered by subcritical crack extension in intact brittle rocks
under long-term compressive loading plays a significant role in the evaluation of earth-
quake mechanisms. Changes in external loading strongly influence the subcritical
crack growth of intact rocks during earthquake nucleation. An important conundrum
is how to establish the relationship between shear fracture induced by subcritical
crack growth and external loading path in brittle rocks under lithospheric conditions.
A novel micromechanical method that introduces shear fracture behavior is proposed
to predict the time-dependent shear properties induced by the subcritical cracking of
brittle rocks when the initial state of rocks starts from the peak point of the stress—s-
train curve measured by the conventional triaxial compressive test. This approach is
developed on the basis of the wing crack model, subcritical crack growth law, and
Mohr—Coulomb strain-softening model. The effect of loading and unloading paths on
the evolution of shear properties of rocks under lithospheric conditions is analyzed by
drawing a function of historical stress. The corresponding evolution of strain, shear
strength, cohesion, and internal friction angle caused by subcritical crack growth under
different stress paths is studied. Cohesion and shear strength continuously undergo a
weakening process, and the internal friction angle initially undergoes a strengthening
and, finally, a weakening process during subcritical crack growth under constant com-
pressive loadings. The effect of the sudden change in axial stress on shear strength is
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smaller than that of the sudden change in confining pressure. A sudden decrease in
confining pressure causes a rapid drop in shear strength, leading to a dramatic rise and
drop in the rate of shear strength. Implications for evaluating earthquake mechanisms
triggered by stress changes from the evolution of shear properties caused by subcritical
crack growth in brittle rocks are also proposed.

Keywords Rock mechanics - Shear fracture - Creeping crack growth - Stress change -
Seismic mechanisms

1 Introduction

The shear properties of friction in rock faults (Scholz 1998; Daniels and Hayman 2008;
Boneh et al. 2014; Niemeijer and Vissers 2014) and fracture in intact rocks (Ohnaka
1995; Katz and Reches 2004; Svetlizky and Fineberg 2014; Brantut and Viesca 2015)
have been widely studied. The shear properties measured by friction and fracture are
important for evaluating earthquake mechanisms.

Laboratory experiments on rocks containing artificial faults (Fig. 1a) have provided
considerable insight into the mechanics of crustal earthquakes. Stable (or slow) sliding
and stick (or fast) slip have been observed in artificial faults, which were studied
using the rate- and state-dependent friction laws proposed by Dieterich (1979a, b)
and Ruina (1983). Figure lc, b shows the variation in shear stress, along with slip
displacement and slip time, to clearly illustrate the rate- and state-dependent friction
laws, respectively. Many studies have investigated the stable and unstable evolution
of slip friction in faults, providing support for the study of earthquake mechanisms.
Stable creeping slip plays an important role in earthquake nucleation, which can lead to
adestructive result due to dynamic weakening. Unstable episodic sliding (or stick slip)
consists of a relatively long period during which no slip occurs, shear stress increases,
and an abrupt onset of fast slip with a stress drop is observed (Fig. 1b). The unstable
process of stick-slip friction is closely related to the unstable earthquake process in
faults (Rice and Ruina 1983; Douglas et al. 2005; Noda and Lapusta 2013; Dragoni
and Lorenzano 2017). Fault asperities also have a crucial influence on earthquake
nucleation and generation. The effects of the distribution and size of asperities on the
mechanical properties along the faults have been widely studied (Ruff 1992; Rice 1993;
Somerville et al. 1999; Dragoni and Tallarico 2016). The slow earthquake mechanism,
in which the episodic tremor recorded by weak seismic signals accompanies the slow
slip on faults, has also been proposed (Amoruso et al. 2004; Shelly et al. 2011; Ikari
et al. 2013; Crampin et al. 2015; Leeman et al. 2016). Tremor and slow stick slip are
induced by minor variations in stress from the ocean or solid earth tides, showing that
changes in stress significantly influence the slow earthquake mechanism (Houston
2015).

The shear failure of rocks has been studied via the frictional slip along a fault under
compressive conditions. However, apart from shear failure from frictional slip along a
preexisting fault, the shear failure of rocks include the shear fracture of initially intact
rocks (Ohnaka 1995). Ohnaka (1995) established a law describing the shear failure of
intact rocks under the triaxial compressive test that simulates lithospheric conditions
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Fig. 1 a Schematic of rock friction experiment along artificial faults, b relationship between shear stress and
time along the fault under compression, and ¢ relationship between shear stress and displacement along the
fault under compression (which is related to the rate- and state-dependent friction laws) (Dieterich 1979a,
b)
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Fig. 2 a Configuration of shear fracture in an intact rock sample and b relationship between shear stress
and slip displacement of intact brittle rocks under lithospheric conditions (Ohnaka 1995)

(Fig. 2a). This proposed law provides crucial help for judging the shear fracture behav-
ior of intact rocks during earthquake nucleation. The relationship between resolved
shear stress and displacement along the failure plane is shown in Fig. 2b. The shear
stress initially increases to a peak value and then decreases with increasing deforma-
tion. This phenomenon is similar to the relation between shear stress and displacement
shown in Fig. 1c. Ohnaka (1995) proposed a unified constitutive law to explain the
shear failure from rock friction in preexisting faults and rock fracture in intact rocks.
The frictional strength along the faults is equivalent to the shear fracture strength of
intact rocks under the earth’s deep crust.

The phenomenological mechanism of earthquakes is widely accepted in the afore-
mentioned references. Nevertheless, an underlying mechanism based on tensile
microcrack growth of rocks provides further understanding of the earthquake mech-
anism (Crampin et al. 1984; Lockner et al. 1991; Beeler 2004; Healy et al. 2006;
Griffith et al. 2009). Beeler (2004) also presented a constitutive model for brittle fault-
ing caused by crack growth. This model consisted of two rheological components,
namely, a stable deformation from subcritical crack growth and an unstable defor-
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mation from crack coalescence and supercritical crack growth. The time-dependent
shear failure behavior of rock fracture was consistent with rock friction according to
laboratory observations. The two time-dependent shear failure behaviors agreed with
the description by this crack-growth-based constitutive model. The behaviors were
also similar to the predictions of the rate- and state-dependent laws (Dieterich 1979a,
b) for the onset of rapid slip along a preexisting fault. The brittle microcrack growth
in solid rock governs the nucleation process. The nucleation of shear rupture is a frac-
turing process, not a frictional one, and the coupling between friction and fracture is
important for the evaluation of earthquake dynamics (Svetlizky and Fineberg 2014).
The process of fault cementation, such as an inverse process of the fracturing process
in intact rocks, likewise has an important role in evaluating earthquake nucleation,
and the variation in microstructure between faults strongly influences the cementation
processes (Tueckmantel et al. 2010; Fossen et al. 2011; Pei et al. 2015). The variations
in density and distribution of microcracks in rocks are possible driving mechanisms
for most earthquake precursors (Scholz et al. 1973; Byerlee 1978). A physical basis
for earthquake precursors was proposed using the mechanical behavior of deforma-
tion and changes in wave velocity caused by microcrack growth in rocks (Aggarwal
et al. 1973). In addition, geometrical variations in stress-aligned microcracks were
observed through variations in shear-wave splitting for brittle rocks under the earth’s
crust. Variations in shear-wave splitting implying stress accumulation and relaxation
were analyzed and observed in rocks prior to large earthquakes (Bianco et al. 2006;
Crampin et al. 2015). During construction in deep underground engineering projects,
excavation-induced changes in the initial conditions (pore fluid pressure, temperature,
or stress state) around the underground rocks cause localized microcrack variations
and the phenomena of microseismicity in rocks (Pearson 1981; Hatzfeld et al. 1999;
Xiao et al. 2017; Colombero et al. 2018; Cao et al. 2018; Yu et al. 2020). Micro-
seismicity is also important for evaluating and predicting the stability and safety of
underground engineering. These studies provide an important framework for verifying
the rationality of using the time-dependent shear strength of intact rocks to evaluate
the process of earthquake nucleation in our study.

However, the earthquake mechanism caused by microcrack growth during long-
term geological development has rarely been studied in a micromechanical model.
The correlation between shear properties and microcrack growth in brittle rocks under
lithospheric conditions has not been clearly established. Many studies modeling the
micromechanics of rocks have focused on the evolution of deformation during creep
(Miura et al. 2003; Brantut et al. 2012; Li and Shao 2016). The microcrack growth
of brittle rocks during creep was likewise studied by acoustic emission and scanning
electron microscopy (Grgic and Amitrano 2009), and minor changes in stress were
found to cause significant changes in creep failure time. An analytical method was
proposed to study the influence of step loading and unloading on creep deformation
caused by microcrack growth (Li and Shao 2016), and a relationship between microc-
rack extension and shear properties was noted (Li et al. 2018a, b). However, the effect
of stress changes on the evolution of shear properties with respect to the earthquake
mechanism has not been clearly established.

The purpose of the present study is to establish a micromechanics-based method
for investigating the influence of the stress path on the shear properties triggered by
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subcritical crack growth in intact rocks. The proposed method is devised by coupling
the wing crack model (Ashby and Sammis 1990), the law of subcritical crack growth
(Charles 1958), Mohr—Coulomb strain-softening law (Zhao and Cai 2010), and a func-
tion of stress path. The evolution of rock deformation and shear strength caused by
subcritical crack growth is studied in detail under different stress paths. New implica-
tions for evaluating earthquake mechanisms triggered by stress changes are presented
via the analytical evolution of shear strength from microcrack growth in intact rocks.

2 Formulation of Analytical Methods

An analytical microcrack-triggered model for evaluating the shear fracture of brittle
rocks under compressive loadings is presented in Fig. 3. The model combines the
Ashby and Sammis (1990) crack model and the Mohr—Coulomb strain-softening law
(Zhao and Cai 2010). It is postulated as an isotropic elastic body. The fracture triggered
by strain localization is investigated by a global fracture. In the model in Fig. 3, 01
and o3 are the axial stress and confining pressure, respectively, and 63 =o02; a is the
initial crack size, [ is the wing crack length, ¢ is the initial crack inclination, F, is the
wedge force on the initial crack plane, and ag is the internal stress between the tips
of the wing crack. o, and 7 are the normal and shear stress on the plane of the initial
crack, respectively, t¢ and o are the shear strength and normal stress on the plane of
the shear fracture, respectively, and v is the inclination of the shear fracture plane. The
internal stress oé greatly influences the evaluation of the crack interaction-triggered
rock fracture. The length of crack coalescence is lcoa :(3/4JTNV)” SR (Brantut
et al. 2012), where « is the cosine of the crack inclination angle ¢. The initial damage
of the model is D, =4TcNV(aa)3/3, where Ny is the initial crack number per unit
volume. In this model, Ny is assumed to remain constant with an increase in damage.
The rocks fails when the initial damage D,, exceeds a threshold value. The approximate
threshold value can be calibrated using the experimental data from scanning electron
microscopy and the analytical data from this model. Rock damage D increases with
wing crack growth, and D =47 Nv (I +aa)’/3.

The existence of microcracks causes damage in solid materials and has a consider-
able effect on the mechanical behavior of such materials. In fracture mechanics theory,
the crack effect on materials is described by the mechanical properties near the crack
(e.g., stress intensity factor at crack tips). The stress intensity factors of different crack
types subjected to various loading types were studied widely. On the basis of the factor
of stress intensity defined by Ashby and Sammis (1990), the stress—crack relationship
describing the crack hardening and softening phases (which correspond respectively
to the strain hardening and softening phases) (Brantut et al. 2012; Li and Shao 2016)
can be obtained as follows

o3lc3(D) + Ax(c1 (D) + c2())] — Kic /y/ma

o1(l) = Arle1(D) + (D]

) ey
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Fig. 3 Model of shear failure 0]
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and Kjc is the fracture toughness, and w is the crack friction coefficient. Parameter
B is a correction factor that calibrates the stress intensity factor at the wing crack
length equal to 0. A peak stress o jpeak can be obtained in Eq. (1), which corresponds
to a peak crack length /peak. On the basis of this peak point and the Mohr—Coulomb
failure criterion, the correlation of crack parameters and shear failure properties at low
confining pressures was proposed as follows (Li et al. 2016)

(I = lpeak) = ont (tan (1)) — (), (N

where
Olpeak T 03  Olpeak — 03
2 2

Ay (c1(D) +c2())
c3+ Az (c1(D) + e2()’

cos 2y (1), )

onf(l = lpeak) =

&)

Al = lpeak) = 90° — 2arc tan\/
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Kic
2V A males(D) + Az (1) + 2] (e (D) + e2())’

c(l = lpeak) = (10)

c and ¢ are the cohesion and internal friction angles, respectively; ¥ is the inclination
angle of the failure plane in Fig. 3, and ¢ =45°+¢/2. Equation (7) only explains
the relationship between shear strength in the Mohr—Coulomb failure criterion and
microcrack parameters at the peak point of Eq. (1). However, in the Mohr—Coulomb
strain-softening law (Zhao and Cai 2010), the locus of the peak point at the cyclic
compressive test is approximately equivalent to the post-peak curve of the stress—strain
constitutive curve from the conventional compressive loading test, which helps in the
evaluation of continuous shear properties at the post-peak phase of the stress—strain
relation. A microcrack extension-based stress—strain constitutive relation describing
the strain hardening and softening phases was obtained as well (Li et al. 2016), and
this stress—strain relation corresponds to the relationship between stress and cracking
in Eq. (1). Therefore, the peak stress locus is described by the post-peak correlation of
stress and crack extension in Eq. (8). The invariant /jeax and o 1peax in Eqgs. (7) to (10)
are replaced respectively with the variables / and o1 (/) in the case of > lpeax (Which
corresponds to the case of & > £1peak). In addition, the crack-dependent shear strength
at the post-peak relation between stress and crack extension in Eq. (1) (i.e., I > lpeak)
can be obtained as

76(l) = onf (tanp(1)) — c(D), (I = lpear), (11)
where
onil) = 2 (l); %, A (1)2_ % cos29:(0), (12)
_ on® _ Ai(cr +¢2)
o(l) = 90° — 2arctan /—C3 ARAEAL (13)
Kic

cl) = (14)

2/ Amales + Ax(er + )l (cr +¢2)

and the inclination angle of the shear fracture plane (1) = ¢(/)/2 +45°.

The axial strain related to wing cracking under the lower confining pressure, that
is, &1 =¢&o{— In[1 — [I/(wa)+ 11°Do]} /™ (Li et al. 2016), is substituted into Eqs. (11)
to (14), and the strain-related shear strength, cohesion, and internal friction angle are
derived as

Te(e1) = onf (tan@(eq)) — c(e1), (61 = Eipeak)s (15)
where
Ontle1) = “‘(5‘2) LE “‘(51;_ B cos 2 (e1), (16)

A(Z1 + Z7)
Z3+ Ay(Z1 + Z»)’

P(e1) = 90° — 2arc tan\/ (17)
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When the factor of stress intensity in Ashby and Sammis (1990) and the law of
subcritical crack growth (Charles 1958) are combined, the evolution of subcritical
crack growth induced by stress changes is obtained as follows (Li and Shao 2016)

{ [A203(1) — A1o1(1)] (c1 + 2) + 03(1)c3 }"
Kic '

d/
&= v(ra)’?

(24)
where v is the characteristic velocity of the crack extension, and »n is the index of
stress corrosion. An initial length of wing crack /, can be achieved by inserting an
initial stress state (o1, 03) into Eq. (1). The initial axial stress is larger than the
stress of crack initiation and smaller than the rock strength at the given value of
confining pressure. This initial value of wing crack is the initial iteration value of
Eq. (24). Numerical results for the time-dependent wing crack extension [i.e., I(t)] can
be obtained. The time-dependent axial strain corresponds to the time-dependent wing
cracking on the rock, which is obtained by inserting Eq. (24) into the strain—crack
relation &1 =&o{— In[1 — [[/(ea)+ 113Dy} (Li and Shao 2016).

For the case of [ > [eqk, the time-dependent crack extension [i.e., /(t)] can be solved
by introducing peak as the initial iteration value of the crack extension (i.e., [ = lpeak)
for the numerical integration of Eq. (24). [peax is obtained by the crack—stress relation of
Eq. (1) under the given value of the initial stress state. Substituting this time-dependent
crack extension into Egs. (11) to (14) can achieve the evolution of shear strength under
different stress paths as follows

7¢(t) = opr (tan ¢(2)) — c(1), (25)
where
ourlt) = 01(1);03(1) . o1(1) ; o3(1) cos 20/ (1), (26)
$(1) = 90° — 2arctan | — IO+ ®) @7)
c3(t) + Az(c1(2) + c2(2))
Kic
c(t) = (28)

2V A males() + Ax(ci(0) + ()] (1 (@) + 2(1))
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v (1) :45°+¢T(t). (29)

Crack growth at the closed crack is caused by the sliding of the initial crack after
shear stress overcomes the friction force between crack interfaces. Crack growth at
the pore is caused by the stress concentrations around the pore (Ashby and Sammis
1990). If the closed crack is regarded as an open crack (which is approximately equiv-
alent to the pore neglecting the effects of the geometrical shape of micro-defects),
then the friction coefficient is neglected (i.e., u =0), which provides an approximate
understanding of the mechanical behavior of porous rocks on the basis of the proposed
model.

3 Results and Discussion

3.1 Quasi-Static Variations in Shear Properties with Crack Growth or Axial
Strain During Post-Peak Failure

Table 1 shows the model parameters in this study. These parameters are used to vali-
date the rationality of theoretical stress—strain curves that describe the strain hardening
and softening phases and creep curves that describe the decelerated, steady-state, and
accelerated phases of rocks (Li and Shao 2016). The variations in shear strength,
cohesion, and internal friction angle from microcrack growth of brittle rock appear-
ing at the post-peak phase of quasi-static failure are shown in Fig. 4a. The figure
provides an understanding of shear behavior caused by microcrack growth. How-
ever, the crack growth-dependent shear strength, cohesion, and internal friction angle
are not macroscopically observed and measured in conventional compressive tests.
To clearly and directly verify the rationality of the presented analytical method, a
macroscopic description of the relationship among shear strength, internal friction
angle, cohesion, and axial strain is shown in Fig. 4b. At the post-peak phase of
the axial stress—strain curve, shear strength and cohesion continuously weaken with
increasing axial strain caused by crack growth, and the internal friction angle initially
strengthens and then weakens with increasing axial strain caused by crack growth, c
onsistent with the experimental results under triaxial compressive loadings (Martin
and Chandler 1994).

Many studies have noted that the phenomenon observed in the onset of shear fracture
in intact rocks is similar to that in the onset of rapid slip along a preexisting fault in rate-
and state-dependent laws (Dieterich 1979a, b; Ruina 1983). The underlying physical
process in the onset of shear fracture is the same as that in the onset of earthquakes
(Brace and Byerlee 1966; Ohnaka 1995; Beeler 2004). Thus, the variation in shear
strength with deformation (i.e., axial strain) in Fig. 4b is similar to the variation in shear
stress with deformation (slip displacement) during fast slip in Figs. 1 and 2. A direct
comparison of the results of the proposed method with published data (Dieterich 1979a,
b; Ruina 1983; Ohnaka 1995) on the relationship between normalized shear stress and
normalized deformation is shown in Fig. 5. The difference between the two results
may be due to some average assumptions for the case of the microcrack geometries
and distribution in the proposed model. However, the rate- and state-dependent laws in

@ Springer



698 Math Geosci (2021) 53:689-710

Table 1 Model parameters in

. Parameters Values
this study
Fracture toughness, K¢ 1.61
(MPam!”?)
Corrosion index, n 57
Characteristic crack velocity, v 0.16
(m/s)
Constant of materials, m 1.0
Constant of materials, £¢ 0.0147
Crack angle, ¢ 45°
Friction coefficient, 0.51
Radius of initial crack, a (mm) 3.1
Correction factor, 8 0.32
Initial damage, Do 0.048
a 50 b
@ 0 - ¢ )60— 160 8 |,
601 > _ e
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5 |9, 081 2 B30l O 36 8|, 8
5 (& Slog 5 |8 55
7 b= loe & o @ 2012 49 132 & o
£ 2012 Bzl 8 5= s|,,8
154 sS4 £ ] 31 1% yg £ 1100
= I 3 r10 = 10 Z 28 &
A 30 5 ? 0 £
130 = NS L &
o] F 24 = |
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Fig. 4 Variations in axial stress, shear strength, internal friction angle, and cohesion along with a wing
crack length and b axial strain

Fig. 5 Comparisons of the
relationship between normalized
shear stress and normalized
deformation in this study,
Dieterich (1979a, b), Ruina
(1983), and Ohnaka (1995)

—
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The theoretical results
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Normalized deformation
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N

Fig. 1 can explain the effect of the sudden change in slip velocity on shear stress (i.e.,
the strengthening phase, where shear stress increases rapidly with slip displacement
or time). However, our proposed model only explains shear fracture in intact rocks
and cannot explain the effect of slip rate variation on shear strength.

These variations in shear properties are closely related to the stress-induced quasi-
static crack growth and axial strain. Such sudden changes in applied stress cause the
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Fig. 6 Evolution and rate of b crack growth, ¢ strain, d cohesion, e internal friction angle, and f shear
strength under a constant axial stress and confining pressure

change in deformation and deformation rate, which may approximately explain the
effect of the sudden change in slip velocity on shear stress under rate- and state-
dependent laws (Dieterich 1979a, b; Ruina 1983).

3.2 Time-Dependent Static Crack Growth, Strain, and Shear Properties Under
Constant Stress State

The evolution of crack growth, strain, and shear properties (i.e., internal friction angle,
cohesion, and shear strength) of brittle rocks under a constant stress state (i.e., creep)
is shown in Fig. 6, along with the corresponding rates of crack extension, strain,
and shear properties. The crack initially experiences a slow accelerated growth, and
then a rapid accelerated growth (Fig. 6b), which causes slow and rapid accelerated
strain, respectively (Fig. 6¢). Shear strength undergoes a slow and rapid accelerated
weakening stage (Fig. 6f), which is attributed to cohesion that undergoes an accelerated
weakening process (Fig. 6d) and the internal friction angle that initially undergoes a
decelerated strengthening and subsequent accelerated weakening process (Fig. 6e).
Rock failure occurs at the rapid accelerated stage of crack growth and strain and
the rapid accelerated weakening stage of internal friction angle, cohesion, and shear
strength. Previous studies have rarely focused on the evolution of cohesion and internal
friction angle in brittle rocks. Figure 6e shows that the transformation between the
strengthening and weakening stages of the internal friction angle is clearly determined
by the rate of internal friction angle and shear strength. The positive rate of internal
friction angle represents the strengthening stage, and the negative rate represents the
weakening stage. The time elapsed in the transformation between the strengthening
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Fig. 7 Comparison of study 1.00+
results for time-dependent
normalized shear stress in this
study and in Dieterich (1979a).
The normalized shear stress (or
time) is defined by the division
of the values between shear
stress (or time) and maximum
shear stress (or time)

Dieterich (1979a)

The theoretical results
0.961 in this study

Normalized shear stress

00 02 04 06 08 10
Normalized time

and weakening stages of the internal friction angle is approximately 1.23 x 10° s
(Fig. 6e).

Under quasi-static compression, the similarity between the onset of shear fracture in
intact rocks in the proposed model and the onset of rapid slip along a preexisting fault
in the rate- and state-dependent laws (Dieterich 1979a, b) is verified by comparing
the variations in shear stress with deformation in intact rocks and faults in Fig. 5.
Figure 1 also shows the variation in time-dependent shear stress during fast slip in the
rate- and state-dependent laws for the quasi-static condition. The shear stress during
fast slip decreases over time. However, if this quasi-static condition is replaced with
a static condition, that is, the stress state remains constant, then the time-dependent
shear strength is obtained in Fig. 6f.

The proposed results for the evolution of shear strength caused by microcrack
growth in Fig. 6f are similar to the phenomenon of time-dependent shear stress during
fast slip as described by Dieterich (1979a, b) and shown in Fig. 1. The normalized
relation between shear stress and time owing to the difference at the scale of coordinate
values is shown in Fig. 7. The initial state of time-dependent mechanical behavior is
selected by the peak point of the stress—strain relationship in Fig. 4b. The applied stress
at the post-peak phase of the stress—strain curve is also equivalent to the rock strength
(Zhao and Cai 2010). Thus, the shear strength in this study is equivalent to the shear
stress obtained experimentally by Dieterich (1979a).

Therefore, our study results for the evolution of shear strength in intact rocks have
significant implications for evaluating the process of earthquake nucleation in the
earth’s crust on the basis of micromechanics. In the process of earthquake nucleation,
the time-dependent stable and unstable deformations from rock fracture are controlled
by the physical process of crack growth (Beeler 2004; Svetlizky and Fineberg 2014).
Stable deformation generates a small inelastic strain caused by subcritical crack
growth, which corresponds to the steady-state crack growth (Fig. 6b), creep strain
(Fig. 6¢), evolution of cohesion (Fig. 6d), evolution of internal friction angle (Fig. 6e),
and evolution of shear strength (Fig. 6f). Unstable deformation (i.e., rapid slip) gener-
ates a large strain caused by crack coalescence and supercritical crack growth, which
corresponds to accelerated crack growth (Fig. 6b) and creep strain (Fig. 6¢), and the
drop in cohesion (Fig. 6d), internal friction angle (Fig. 6e), and shear strength (Fig. 6f).
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The environment of rocks subjected to a constant stress state is approximately
equivalent to the case of lithospheric conditions. This finding provides implications
for the occurrence of regular earthquakes on the basis of the shear failure of intact
rocks caused by microcrack growth.

The effects of initial crack size, friction coefficient, confining pressure, and initial
damage on the evolution of cohesion, internal friction angle, and shear strength are
also investigated and are presented in Fig. 8. As shown in Fig. 8a to c, when the initial
crack number Ny is given as 1.3 x 10, the final time at the drop in cohesion, internal
friction angle, and shear strength decreases with the increase in initial crack size. As
shown in Fig. 8d to f, the final time at the drop in cohesion, internal friction angle,
and shear strength increases with the increase in friction coefficient between crack
interfaces. As shown in Fig. 8g to i, the final time at the drop in cohesion, internal
friction angle, and shear strength increases with the increase in confining pressure.
The internal friction angle and cohesion change slightly under different confining
pressures over a given time because of the irrelevance of the internal friction angle,
cohesion, and confining pressure in Eqs. (13) and (14). Shear strength increases with
the increase in confining pressure over a given time. In Fig. §j to 1, the final time at the
drop in cohesion, internal friction angle, and shear strength increases with the decrease
in initial damage. The internal friction angle, cohesion, and shear strength decrease
with the increase in initial damage in a given time.

A small change in model parameters (i.e., initial crack size, friction coefficient,
confining pressure, or initial damage) likewise causes a time variation over several
orders of magnitudes. This phenomenon shows that the changes in internal rock prop-
erties or external effect factors have a significant influence on the rock fracture process
during creep deformation.

The evolution of strain, cohesion, internal friction angle, and shear strength is
closely related to the subcritical crack growth of brittle rocks. The initial state of the
rocks is selected by the peak point of the stress—strain relationship (which corresponds
to the relationship between crack growth and stress) in Fig. 4.

3.3 Effects of Stress Changes on the Evolution of Crack Growth, Strain,
and Shear Properties

Changes occur in the stress applied to rocks in the earth’s crust due to the geological tec-
tonic development induced by different factors (e.g., ocean or solid earth tides), which
influence the slow earthquake mechanism. This mechanism, in which the episodic
tremor recorded by weak seismic signals accompanies slow slip on faults, has been
presented in a number of studies (Shelly et al. 2011; Crampin et al. 2015; Leeman
et al. 2016). Tremor and slow stick slip are caused by minor stress variations from the
ocean or solid earth tides (Houston 2015). Thus, the evolution of rock deformation
and shear strength triggered by stress changes has important implications for the eval-
uation of the slow earthquake mechanism (Hardebeck et al. 1998; Belardinelli et al.
2003). In the analyses, the initial axial stress is selected as 295 MPa, and the initial
confining pressure is selected as 30 MPa, thereby providing a qualitative comparison
of the effects of different stress paths on time-dependent compressive-shear failure.
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Fig. 8 Effects of a—c initial crack size a, d—f crack friction coefficient u, g—i confining pressure o3, and
j-1initial damage D, on the evolution of cohesion, internal friction angle, and shear strength

Figure 9 shows the effects of step loading of axial stress on time-dependent crack
growth, axial strain, cohesion, internal friction angle, and shear strength, along with
the corresponding rates. Crack length and axial strain increase at a steady state in the
two earlier steps and accelerate in the last step. Cohesion and shear strength decrease
at a steady state in the two earlier steps and drop rapidly in the last step. The internal
friction angle increases at a steady state in the two earlier steps and then decelerates
and is then accompanied by an accelerated drop in the last step. The steady-state rates
of crack growth, axial strain, cohesion, and shear strength increase with successive step
numbers. The sudden rise in axial stress in each step in Fig. 9a causes step variations
in the crack velocity, axial strain rate, rate of cohesion, rate of internal friction angle,
and rate of shear strength.

Figure 10 shows the effects of step unloading of confining pressure on time-
dependent crack growth, axial strain, cohesion, internal friction angle, and shear
strength, along with the corresponding rates. Crack length and axial strain increase
at a steady state during the earlier six steps and accelerate in the last step. Cohesion
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Fig. 9 Evolution and rate of b crack growth, ¢ strain, d cohesion, e internal friction angle, and f shear
strength under a step loading of axial stress and constant confining pressure

decreases at a steady state during the first six steps and drops rapidly in the last step.
The internal friction angle increases at a steady state in the earlier six steps and decel-
erates initially and then drops rapidly in the last step. Shear strength decreases initially
at a steady state and then drops slightly in each of the earlier steps, and finally shows
a marked drop in the last step. A slight decrease in shear strength can cause a small
earthquake, and a large decrease in shear strength can cause a large earthquake. The
sudden drop in confining pressure in each step in Fig. 10a causes step variations in
crack velocity, axial strain rate, rate of cohesion, and rate of internal friction angle.
However, in Fig. 10f, the sudden rise in confining pressure causes a sudden rise in
shear strength, leading to a large variation in the rate of shear strength. Therefore, the
sudden change in confining pressure significantly influences shear strength.

A comparison between Figs. 9 and 10 and Fig. 6 shows that the final failure time
at step loading of axial stress and confining pressure is shorter than that at a constant
stress state (0] =295 MPa, 03 =30 MPa). Thus, the step loading of axial stress and
unloading of confining pressure accelerate rock failure and earthquake occurrence.

The evolution and rate of crack, strain, cohesion, internal friction angle, and shear
strength subjected to increasing repeated loading and unloading of axial stress under
constant confining pressure is shown in Fig. 11. The function in the path of axial stress
is 01 =295 MPa+0.1 t —3 MPa [#/T], cyclic time T = 60 x 60 x 24 x 365 s, and
[t/T] represents the integralization for #/T (if t/T = 0.6, then [¢/T]=0; if /T =8.9,
then [¢/T]=8).

Except for the phases of sudden drop in axial stress in Fig. 11a, the crack under-
goes a slow accelerated growth during the earlier cycles and rapid accelerated growth
in the last cycle. In addition, the minimum crack velocity in each cycle increases
incrementally with the cycle number (Fig. 11b). The phenomenon of strain evolution
(Fig. 11c) is similar to that of crack growth. Except for the phases of the sudden drop
in axial stress, cohesion undergoes a slow accelerated weakening process during the
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strength under a increasing repeated loading and unloading of axial stress and constant confining pressure

earlier cycles, and a rapid drop in cohesion appears in the last cycle. The minimum rate
of cohesion in each cycle increases incrementally with the cycle number (Fig. 11d).
Except for the phases of sudden drop in axial stress, the internal friction angle under-
goes a slow accelerated strengthening in most of the earlier cycles and an accelerated
weakening process in the subsequent few cycles. A rapid drop in the internal friction
angle appears in the last cycle. Before the internal friction angle enters the weakening
stage (i.e., rate of internal friction angle is negative), it undergoes a transformation
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from an accelerated strengthening stage to a decelerated strengthening stage (Fig. 11e).
In Fig. 11f, except for the phases of sudden drop in axial stress, shear strength experi-
ences a slow accelerated weakening during the earlier cycles and a rapid accelerated
weakening process accompanied by a large drop in shear strength in the last cycle.

Figure 12 shows the evolution and rate of crack, strain, and shear properties under
decreasing repeated unloading and loading of confining pressure, and constant axial
stress. The function in the path of confining pressure is 03 =30 MPa—0.004 ¢ +
0.1 MPa [#/(60 x 60 x 24 x 365 s)]. The phenomenon observed in the evolution of
crack, strain, cohesion, internal friction angle, and shear strength is the same as that
in the evolution of crack, strain, and shear properties under the increasing repeated
loading and unloading of axial stress in Fig. 11. This finding shows that the mechanisms
induced by increasing repeated loading and unloading of axial stress and decreasing
repeated unloading and loading of confining pressure are similar. The sudden drop in
axial stress shown in Fig. 11a and the sudden rise in confining pressure in Fig. 12a
cause a deceleration in the evolution of crack length, axial strain, cohesion, internal
friction angle, and shear strength. The continuous slow increase in axial stress in
Fig. 11a and the continuous slow decrease in confining pressure in Fig. 12a accelerate
the evolution of crack length, axial strain, cohesion, internal friction angle, and shear
strength.

A comparison between Fig. 6 and Figs. 11 and 12 shows that the time of rock
failure under repeated loading and unloading of axial stress or confining pressure is
shorter than the time of rock failure under a constant stress state. The stress paths
of increasing repeated loading and unloading of axial stress and decreasing repeated
loading and unloading of confining pressure accelerate the crack growth. For earth-
quake mechanisms, the effect of increasing repeated loading and unloading of axial
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stress or decreasing repeated loading and unloading of confining pressure applied to
rocks under lithospheric conditions accelerates the occurrence of an earthquake.

Figures 11 and 12 show the effect of increasing repeated loading and unloading of
axial stress and decreasing unloading and loading of confining pressure, respectively.
The coupling effect of increasing repeated loading and unloading of axial stress and
decreasing unloading and loading of confining pressure is shown in Fig. 13. The path
function of axial stress and confining pressure is equivalent to the function in Figs. 11
and 12, respectively. The evolution of crack, strain, and shear properties is similar to
the phenomena in Figs. 11 and 12. A comparison between Fig. 13 and Figs. 11 and 12
shows that the time of rock failure with the coupling effect of axial stress and confining
pressure is shorter than the time of rock failure with the single effect of axial stress or
confining pressure. Therefore, the coupling effect of increasing repeated loading and
unloading of axial stress and decreasing repeated loading and unloading of confining
pressure applied to rocks under lithospheric conditions accelerates the crack growth
to fracture of rocks and the occurrence of a regular earthquake.

Figure 14 shows the coupling effect of increasing repeated loading and unloading
of axial stress and confining pressure on crack growth, strain, and shear properties. The
function of the path of axial stress is 01 =295 MPa+0.1 t — 3 MPa [#/(60 x 60 x 24 x
365 s)], and the function of the path of confining pressure is o3 =30 MPa+0.004 ¢ —
0.1 MPa [#/(60 x 60 x 24 x 365 s)]. Except for the phases of sudden variation in axial
stress and confining pressure, shear strength is always in a decelerated strengthening
phase (i.e., rate of shear strength decreases and is larger than O at each cycle) in
earlier cycles and undergoes an accelerated weakening phase in subsequent cycles. In
addition, a rapid drop in shear strength occurs in the last cycle. The coupling effect
of the sudden drop in confining pressure and axial stress causes a large drop in shear
strength, which may cause a small earthquake. For each cycle, the increasing axial
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Fig. 14 Evolution and rate of b crack growth, ¢ strain, d cohesion, e internal friction angle, and f shear
strength under a increasing repeated loading of axial stress and confining pressure

stress dominates the accelerated variations in crack growth, axial strain, cohesion, and
internal friction angle, and the sudden drop in axial stress dominates the sudden drop
in crack velocity, strain rate, cohesion rate, and rate of internal friction angle. The slow
increase in confining pressure dominates the decelerated strengthening shear strength,
and the sudden drop in confining pressure dominates the sudden drop in shear strength.

Compared with Fig. 12, the increasing repeated loading and unloading of confining
pressure in Fig. 14 causes a deceleration in crack growth, increase in the time of rock
failure, and a slowing of the occurrence of an earthquake.

4 Conclusions

An analytical approach for studying the influence of the stress path on the evolution
of shear strength from subcritical crack growth is proposed, which has new implica-
tions for the evaluation of earthquake mechanisms triggered by stress changes. The
wing microcrack model, subcritical crack growth law, function of stress path, and
Mohr—Coulomb strain-softening model are coupled in this method. The following
conclusions are drawn:

1. In the post-peak phase of quasi-static stress—strain curves for brittle rocks, the
internal friction angle initially increases to a maximum value and then decreases
with further crack growth or increased strain. The cohesion and shear strength
decrease with crack growth or increased strain.

2. Forbrittlerocks subjected to a constant stress state, crack growth and strain undergo
slow acceleration and rapid acceleration stages, cohesion and shear strength expe-
rience a slow accelerated weakening stage and a rapid drop, and the internal friction
angle undergoes decelerated strengthening and accelerated weakening stages. The
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time-dependent shear strength is similar to the evolution of shear stress of brittle
rocks during earthquake nucleation, which has implications for the evaluation of
the regular earthquake mechanism.

3. In comparison with the failure time of rock under a constant stress state, the step
loading of axial stress, step unloading of confining pressure, increasing repeated
loading and unloading of axial stress, and decreasing repeated unloading and load-
ing of confining pressure accelerate crack growth and rock fracture. The increasing
repeated loading and unloading of confining pressure also causes a deceleration
in crack extension and rock failure.

4. Under step loading of axial stress and step unloading of confining pressure, the
internal friction angle undergoes a steady-state strengthening phase in earlier steps
and a decelerated strengthening phase initially and then an accelerated weakening
phase in the last step. Cohesion and shear strength experience a steady-state weak-
ening phase in earlier steps and an accelerated weakening phase in the last step.
Under the step unloading of confining pressure, shear strength initially decreases
at a steady state and is then accompanied by a slight drop in the earlier step, and
finally a large accelerated drop in the last step.

5. When subjected to the increase in repeated loading and unloading of axial stress or
the decrease in repeated unloading and loading of confining pressure, the internal
friction angle experiences a slow accelerated strengthening process in most of
the early cycles and a rapid accelerated weakening process in the subsequent few
cycles. In addition, cohesion undergoes an accelerated weakening in each cycle.
Shear strength also undergoes a slow accelerated weakening process in most of
the early cycles and a rapid accelerated weakening process accompanied by a drop
in shear strength in the last cycle.

6. The effect of a sudden change in confining pressure on shear strength is greater than
that of a sudden change in axial stress. The sudden increase or decrease in confining
pressure causes a sudden rise or drop in shear strength, which gives rise to a large
sudden increase or decrease in the rate of shear strength. This phenomenon of a
drop in shear strength caused by stress changes is similar to the slow earthquake
mechanism caused by minor variations in stress from various factors (e.g., ocean
or solid earth tides).

However, the studies provide a simplified theoretical method for predicting earth-
quake mechanisms induced by stress changes from a shear fracture caused by the
subcritical crack growth of brittle rocks. The failure from the strain localization of
rocks is equivalently studied by the global failure of the wing crack model. In the time-
dependent shear properties caused by subcritical crack growth, the initial state starts
from the peak point of the stress—strain relation measured by the standard post-failure
test. The rock can undergo long-term subcritical crack growth during the post-peak
phase of the stress—strain relation.
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