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S U M M A R Y
A fault model is used to analyse creep growth process of microcracks in damage zone near the
tips of fault by means of the rheology fracture mechanics. When microcracks in the zone link
each other and their deformation quickly intensifies, it means that an earthquake is taking place
to a certain degree. The relationships among some key parameters that are correlated to the
growth of microcracks are analysed theoretically. These parameters include failure time of fault,
number of microcracks in unit area, stresses field, yield strength and rheological properties
of medium. The results indicate that the model proposed here is reasonable to describe the
pregnant process of an earthquake. In the meantime, this research shows that, with the results
of in situ surveys and lab experiments, it is possible to estimate the time span for a fault
expanding.
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1 I N T RO D U C T I O N

Faults can have close relationship with earthquakes. Faults may
range in length from a few meters to many kilometres. In the field,
geologists commonly find many discontinuity planes in rock matrix,
which they interpret as faults. The presence of such faults indicates
that, at some time in the past, a relative movement took place along
them. We know that such movement can be either slow slip, which
produces no ground shaking, or sudden rupture, which results in
perceptible vibrations—an earthquake. A lot of work has been done
to analyse the causes and processes of fault slip (Cox & Scholz
1988; Lloyd & Knipe 1991; Lockner et al. 1991; Cowie & Scholz
1992; Sleep & Blanpied 1992).

Studies of faulting conventionally characterize faults as discrete
planar surfaces, which accommodate slip. Observations of natu-
rally and experimentally formed faults show difference with this
idealization. While discrete surfaces are produced, a more complex
deformation also occurs within a region of material surrounding
these surfaces. Studies on the deformation of damaged zone belong
to a fundamental subject. However, a systematic survey and studies
on model of the forming process of damage zones around the faults
are still lacking (Scholz et al. 1993).

We cannot treat fault growth process by a simple elastic crack
model, because such model contains a stress singularity at the crack
tip, which is physically unreasonable. Instead, we should use an
elastic-plastic fracture mechanics model, which includes a break-
down zone involving inelastic deformation in a region surrounding
the fault tips. The Dugdale–Barenblatt model is the simplest model
of this type and has the advantage of an analytical solution (Dugdale
1960; Barenblatt 1962). The application of this model to faulting
is described in detail by Cowie & Scholz (1992). A cohesion zone

model developed by them can be used to describe fault growth as a
physical process, and this model is consistent with observed results
in this growing process.

The purpose of this paper is to put forward a rheological growing
model of microcracks in damage zone surrounding the tip of fault
and to describe the pregnant process of earthquake with an analyt-
ical method. The relationship among some key parameters that are
correlated to the growth of microcracks is analysed theoretically.
The parameters include failure time of fault, initial size and orien-
tations of microcracks, number of microcracks in unit area, stresses
field, yield strength, and rheological properties of medium. The an-
alyzing method employed here could be conveniently extended to
the estimation of the time of an earthquake occurrence.

2 T H E P R E L I M I N A RY W O R K

We consider a strike-slip fault with length Lf loaded in remote field
stress σ 1 and σ 3 (positive for extension and negative for compres-
sion). The angle between the fault and principal stress σ 1 is assumed
as ψ (as shown in Fig. 1). It is obvious that the primary mechanics
problem illustrated in Fig. 1 is equivalent with that on the left of
equal sign shown in Fig. 2(a). In the equivalent problem, a friction
force exists on the surface of the fault. The normal stress σ and shear
stress τ have the following relationships with principle stresses σ 1

and σ 3, respectively,

τ = σ3 − σ1

2
sin 2ψ

σ = σ3 + σ1

2
+ σ3 − σ1

2
cos 2ψ,

(1)

where τ is shear stress and σ is normal stress on the fault.
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Figure 1. A fault under tectonic stresses.

The original problem thus can be decomposed into two problems,
that is, a shear problem with friction force on surface of fault and
an axial compression problem without fault, illustrated in Fig. 2(a).
In Fig. 2(a), the first problem on the right side of the equal sign
may further be superposition of two problems, one is a pure shear
problem without friction force on surface of fault, and the other is a
shear problem without fault, as illustrated in Fig. 2(b). In Fig. 2(b),
the first problem on the right side of the equal sign is a typical shear
fracture mode (mode �), and the elastic stresses at the tip of the

Figure 2. Equivalent problems sketch.

crack are given by (Miannay 1998)

σxx (r, θ ) = − K�√
2πr

(
2 + cos

θ

2
cos

3θ

2

)
sin

θ

2

σyy(r, θ ) = K�√
2πr

sin
θ

2
cos

θ

2
cos

3θ

2

σxy(r, θ ) = K�√
2πr

(
1 − sin

θ

2
sin

3θ

2

)
cos

θ

2
, (2)

where r and θ are polar coordinate centred at the tip of fault, and

K� = √
π L f (τ + μσ ) (if |τ | > |μσ |) (3)

where μ is friction coefficient, Lf is the length of fault and K � is
the stress intensity factor.

In these formulas, the stresses at the fault tip are singular (r → 0),
which correspond to the elastic solution of the problem. According
to the superposition theorem, the elastic stresses along the fault
plane near crack tip for primary problem shall be

σxx (r, 0) = 0.0

σyy(r, 0) = σ

σxy(r, 0) = K�√
2πr

− μσ. (4)

If we assume this problem as a plane strain problem, then

σzz(r, 0) = ν(σxx (r, 0) + σyy(r, 0)) = νσ, (5)

where ν is Poisson ratio.
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Figure 3. Model of extending microcracks.

If we take the plastic deformation of rocks into account, then
when stresses exceed the yield strength, the medium around the tip
of fault will yield. The length of the yield region along fault plane
is defined as rb, which is determined by Mises yield criterion.

Mises yield criterion (Han & Reddy 1999) is expressed as follows:√
1

2
[(σ11 − σ22)2 + (σ22 − σ33)2 + (σ33 − σ11)2] = σs, (6)

where σ s is yield strength of single axial compressive stress; σ 11,
σ 22 and σ 33 are principle stresses, which may be determined by σ xx,
σ yy, σ zz and σ xy (Jaeger & Cook 1976).

Combining eqs (4), (5) and (6) , we may obtain the length rbof
the yield region along fault plane, as indicated in

rb = K 2
�

2π
[√

1
3

[
σ 2

s − (1 − ν + ν2)σ 2
] + μσ

]2
. (7)

When σ = 0,

rb = 3K 2
�

2πσ 2
s

, (8)

which is the result of pure shear mode � (Miannay 1998).

3 T H E O R E T I C A L M O D E L

In the paper, we intend to build up an earthquake pregnant model and
to analyse the creep growth process of the faults. In the model, the
faults are treated as a shear cracks that have friction forces acting on
their inner sides, as stated above. The extension of faults is through
a complex fracturing process.

First, we suppose that a fault extend on its plane in the yield zone.
Although the narrow strip of extending seems as a line in macro-
scopic view, it contains a lot of microcracks on microscopic level

due to yield or dilatancy. As a matter of fact, according to fracture
mechanics, an array of tensile microcracks is generated in the yield
zone near the fault tips, with orientations being consistent with the
maximum compressive stress direction. Continued shearing results
in the development of a complex mesh of fracture concentrated
within this brittle process zone, which eventually breaks down to
form a thoroughgoing fault.

Secondly, we propose a microcrack model, in which an array
of microcracks with the same shape and initial size are distributed
evenly along the fault plane in the yield zone near fault tips, as il-
lustrated in Fig. 3. The medium in the yield zone containing many
microcracks is viscoplastic, while the rock material around the mi-
crocracks exhibit viscoelasticity. Under triaxial stresses, the microc-
racks will extend time-dependently on the direction of the maximum
compressive stress. Due to rheological properties of the rocks around
the microcracks, those microcracks will gradually grow with time
until they link each other to form a new fault.

The stresses in yield zone at the tip of the fault along fault plane
shall be constant, and are expressed by

σxx = 0

oyy = σ

σxy = K�√
2πrb

− μσ. (9)

The local field the stress will create a shear stress τ ′ and a normal
stress σ ′ on surface of initial microcrack. The sliding of microcracks
(resisted by the frictional force, with friction coefficient μ), opens
the mouth of each wing crack. The wedging can be deemed to be a
result of the force F 3 that is parallel to X and acts at the midpoint
of the microcrack (Ashby & Sammis 1990; Chen 2003). Stress σ ′

and τ ′ are given by

τ ′ = σ ′
2 − σ ′

1

2
sin 2ψ ′

σ ′ = σ ′
1 + σ ′

2

2
+ σ ′

2 − σ ′
1

2
cos 2ψ ′ (10)

σ ′
1 = σ

2
+ 1

2

√
σ 2 + 4

(
K�√
2πrb

− μσ

)2

σ ′
2 = σ

2
− 1

2

√
σ 2 + 4

(
K�√
2πrb

− μσ

)2

,
(11)

where σ ′
1 and σ ′

2 are principle stresses in yield region along fault
plane, and the angle between the initial microcrack and principal
stress σ ′

1 is assumed as ψ ′ (as shown in Fig. 3).
F 3 may be expressed by

F3 = (τ ′ + μ′σ ′)2a sin ψ ′. (12)

Also there is an average internal stress, acting on the wing cracks
that describes the interaction among cracks:

σ i
2 = F3

S − 2(L + a cos ψ ′)
, (13)

where S is the distance between the central points of wing cracks,
2a is the length of the microcrack and L is the extending length of
the microcrack. If the number of microcracks in unit area is N , the
relation between S and N is

S = 1√
N

. (14)
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Therefore, the stress intensity factor at tips of wing cracks is given
by (Ashby & Sammis 1990; Chen 2003)

KI = F3√
π (L + βa)

+ (σ ′
2 + σ i

2)
√

π L. (15)

4 C A L C U L AT I N G A N A LY S I S

We have previously analysed the creep growth process of microc-
racks in the above model, and obtained the relationship between the
microcrack growth velocity and various factors such as principal
stresses, initial length of microcrack and so on (Chen 2003). Some
useful contents will be mentioned again in detail as follows so as to
make the present task easy to understand.

Under the isothermal condition, the appropriate statement of the
global conservation of energy for extension of cracks in viscoelastic
media (Christensen 1982) is given by

dU

dt
+ dDp

dt
+ dSe

dt
= 0, (16)

where U is the elastic energy in infinite plate contained one crack,
Dp is the dissipation energy due to rheology of the medium and Se

is surface energy. Eq. (16) may also be written as

dU

dL
+ dDp

dL
+ dSe

dL
= 0. (17)

The expression for the energy change rate (Jaeger and Cook,
1976) may be used for the model mentioned above. When neglecting
K � (which is referred to type two stress intensity factor at tips of
microcracks herein and is different from eq. 3):

dU

d L
= −2K 2

I (1 − ν2)

E
, (18)

where ν is the Poisson ratio and E represents the Young ’s
modulus.

To make the analysis easier, we suppose the extension of micro-
cracks will take place step by step. Accordingly, the wing of micro-
crack begins from initial state (L = 0), through the time period
T(0), to grow to a length L and then stop; then after another time
period T(L), the microcrack continues to grow to a new length L and
stops again. Furthermore, there exists a critical length L0. When L
is larger then L 0, T (L) is equal to zero, which means microcrack
growth will accelerate until failure. T(L) is the time period from
the stop of the last microcrack extension up to the start of the next
microcrack extension.

Considering the actual process of microcrack extension described
above, the stress around tip of microcracks will be constant in du-
ration with microcrack growth stopping temporarily, in accordance
with the correspondence principle. The stress formula for a type I
crack is

σi j = KI√
r

fi j (θ ), (19)

where r and θ are polar coordinates, and the origin is at tip of the
wing crack (which will move with extension of the crack). σ i j is
stress tensor and K I is stress intensity factor. f i j (θ ) is a function
depending on loading type.

The viscoelastic constitutive equation for creep may be written
as follows:

ei j = Si j D(t)

ev = pK (t)

ev = εi i/3

p = σi i/3

ei j = εi j − ε0

Si j = σi j − pδi j , (20)

where D(t) and K(t) are the deviatoric strain creep compliance and
the volume strain creep compliance, respectively. σ i j and ε i j are the
stress tensor and strain tensor, respectively, in a coordinate system
that moves with the crack extension. The origin of the coordinate
system is again at the tip of cracks. While Sij is the deviatoric stress
tensor, p is the hydrostatic stress, eij is the deviatoric strain tensor
and ev is the volumetric strain.

Dissipative energy Q at some point of the medium may be calcu-
lated as

Q =
∫ T

0
σijε̇ij dζ, (21)

where time T counts from the halting of crack growth. It is assumed
that the dissipation of energy is caused by stresses singularity at tip
of cracks.

Taking a circle around tip of crack, the total dissipative energy
may be calculated as follows:

dDp = −
∫ dL

0

∫ π

−π

Qπ dθ dr

= −π K 2
I [G(T ) − G(0)] d L (22)

d Dp

d L
= −π K 2

I [G(T ) − G(0)] (23)

G(T ) = 2

3
[(1 − ν)D(T ) + 2(1 + ν)K (T )], (24)

where the negative signs indicate loss of energy.
The surface energy is

d Se

d L
= 2η, (25)

where η represents surface energy per unit area.
Combining eqs (18), (23), (25) and (17), the following formula

can be derived

G(T ) = 2

π K 2
I

[
η − K 2

I (1 − ν2)

E

]
+ G(0), (26)

Eq. (26) must be satisfied by T(L).
If the viscoelastic creep compliance is taken as

D(t) = βs ln(1 + α0t)
K (t) = 0, (27)

where β s and α0 are creep coefficients, which determine the rate of
rock deformation in creeping process. This creep compliance form
is also called logarithmic creep (Miannay 2001). Combining (24),
(26) and (27), the following equation can be found:

T (L) =
{

exp

[
3

πβs(1 − ν)

(
η

K 2
I

− 1 − ν2

E

)]
− 1

}
/α0. (28)
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Figure 4. Relationship between the failure time and the initial microcrack
size for different principle stresses: σ 3 = −200 MPa; Lf = 50 km; ψ =
π/3; μ = 0.5; ν = 0.25; σ s = 350 MPa; ψ ′ = π/4; N = 0.308 m−2; η =
50 000 MPa; E = 50 000 MPa; β s = 1 (MPa)−1; α0 = 43.8 yr.

Take tr as the failure time, which stands for the time period from
microcracks starting to extend to the moment of their interconnec-
tion. Therefore,

tr =
∫ L0

0
T (L) d L. (29)

Eq. (29) may be calculated numerically with Gauss formula as fol-
lows:

tr =
n∑

i=1

Hi T (Li ), (30)

where Hi(i = 1 ∼ n) is weight factor, and Li(i = 1 ∼ n) is a number
between 0 and L0.

5 C O M P U T I N G R E S U LT S

The time tr may also be considered to be the pregnant time for an
earthquake from its definition thereof and is related to many factors
such as tectonic stresses, yield strength, initial size of microcracks,
crack number in unit area, fracture and rheological parameters.

(1) The influence of tectonic stress.
The field stresses determine the size of yield zone and the local
stresses in the yield zone. The stresses in the yield zone have an
influence on the time for the microcracks to interconnect, or the
time to fracture. The normal stress on fault plane is determined by
the direction and the magnitude of the principle tectonic stresses. It
reduces the yield radius and prevent the microcracks around fault
tips from propagating. The relationship between the failure time and
the initial microcrack size for different principle stresses is shown
in Fig. 4. As it indicates, the failure time reduces as the difference
stress increases.

(2) The influence of yield strength.
The value of yield strength determines the level of stresses in the
yield zone, and influence the failure time. Yield radius rb reduces
with the increases of yield strength. Based on experimental results in
lab, we take 350 MPa as the yield stress for granite, and 300 MPa for
marble. The yield radius rb ranges from 5 m to a few hundred metres.
Fig. 5 shows the relationship between the failure time and the initial
microcrack size for different yield strengths. As is indicated in the
figure, the failure time reduces with the increase of yield strength.

Figure 5. Relationship between the failure time and the initial microc-
rack size for different yield strengths: σ 1 = −410 MPa; σ 3 = −200 MPa;
Lf = 50 km; ψ = π/3; μ = 0.5; ν = 0.25; ψ ′ = π/4; N = 0.308 m−2; η

= 50 000 MPa; E = 50 000 MPa; β s = 1 (MPa)−1; α0 = 43.8 yr.

(3) The influence of the number of microcracks in unit area.
As shown in eq. (14), the distance between two microcracks along
fault plane reduces with the increase of the number of microcracks
in unit area; therefore the time before the final breakthrough will be
shorter. Fig. 6 shows the relationship between the failure time and
the initial microcrack size for different microcrack number in unit
area.

(4) The influence of surface energy in unit area.
The value of surface energy in unit area reflects the fracture strength
of medium around microcracks. If surface energy in unit area is
relatively large, the energy dissipation will take a comparatively

Figure 6. Relationship between the failure time and the initial microcrack
size for different microcrack number in unit area: σ 1 = −410 MPa; σ 3 =
−200 MPa; Lf = 50 km; ψ = π/3; μ = 0.5; ν = 0.25; σ s = 350 MPa;
ψ ′ = π/4; η = 50 000 MPa; E = 50 000 MPa; β s = 1 (MPa)−1; α0 =
43.8 yr.
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Figure 7. Relationship between the failure time and the initial microcrack
size for different surface energy in unit area of medium around microcracks:
σ 1 = −410 MPa; σ 3 = −200 MPa; Lf = 50 km; ψ = π/3; μ = 0.5; ν =
0.25; σ s = 350 MPa; ψ ′ = π/4; N = 0.308 m−2; E = 50 000 MPa; β s = 1
(MPa)−1; α0 = 43.8 yr.

longer time until the final breakthrough of the microcracks. Fig. 7
indicates the relationship between the failure time and the initial
microcrack size for different surface energy in unit area.

(5) The influence of rheological parameters.
The rheological property of rock is another important factor that
influences the final breakingthrough time of the microcracks. The
equation that figures the viscoelastic property of rock around cracks
is taken in logarithm form in the paper, which implies that the energy
dissipation will not cease until the microcracks interconnect with

Figure 8. Relationship between the failure time and the initial microcrack
size for different rheological parameter a0 of medium around microcracks:
σ 1 = −410 MPa; σ 3 = −200 MPa; Lf = 50 km; ψ = π/3; μ = 0.5; ν =
0.25; σ s = 350 MPa; ψ ′ = π/4; N = 0.308 m−2; η = 50 000 MPa; E =
50 000 MPa; β s = 1 (MPa)−1.

Figure 9. relationship between the failure time and the initial microcrack
size for different rheological parameter bs of medium around microcracks:
σ 1 = −410 MPa; σ 3 = −200 MPa; Lf = 50 km; ψ = π/3; μ = 0.5; ν =
0.25; σ s = 350 MPa; ψ ′ = π/4; N = 0.308 m−2; η = 50 000 MPa; E =
50 000 MPa; α0 = 43.8 yr.

each other. Fig. 8 and Fig. 9, respectively, indicate the relationship
between the failure time and the initial microcrack size for different
rheological parameter a0 and bs.

(6) The influence of microcrack size.
Besides the number of microcracks in unit area, the initial size
of microcrack is another parameter that affects the failure time.
As illustrated above (Figs 4–9), the initial length of microc-
racks ranges from several millimetres to several centimetres, and
the relative failure time ranges from millions of years to a few
months.

(7) The influence of initial fault length.
The initial length of fault mainly determines the size of the yield area
or yield radius rb. Although the initial length of fault does not affect
the expansion time of the fault directly, it does have a relationship
with the scale of an earthquake. The longer the initial fault, the larger
the earthquake, if the earthquake is due to occur.

6 D I S C U S S I O N

In the Vermilye & Scholz (1998) study, microfractures in damaged
zone show logarithmic density increases with proximity to the fault,
maximum density of which is independent of fault length, and their
oritentions can be used to infer the direction of propagation of the
fault plane. The analysis in this paper also shows that the initial
microcrack density is correlated to the yield strength of rock, which
is a constitutive property and is independent of fault length. To sim-
plify the mathematical treatment, it is assumed that the microcracks
in the proposed model have an even distribution.

Cowie & Scholz (1992) and Scholz et al. (1993) examined field
data of slip on discrete faults with finite length and found that the
slip distribution is tapered and is self-similar. Making the assump-
tion that the geologic slip distribution is similar to that in a single
event, they conclude that the size of the breakdown zone scales with
fault length, which implies that fracture energy G, the energy loss per
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unit fault area, is proportional to fault length. Estimates of G from
laboratory experiments of shear fracture development in intact sam-
ples are approximately 104 J m−2. However, much smaller values of
G (10–102 J m−2) have been obtained from experiments using sam-
ples with an artificially introduced slip surface. In contrast, estimates
of G from earthquakes are in the range 106–107 J m−2. In the creep
growth model proposed in the paper, a part of energy is dissipated
due to the creep growth of the microcracks, and the fracture en-
ergy G is then reduced. Therefore, the intensity of the earthquake
deduced from our model might be smaller than that from a static
mechanics analysis.

In the fault creep growth model proposed in the paper, even if the
tectonic stresses keep constant, the microcracks in the zone near the
tip of the fault still extends unceasingly due to the rheology property
of the medium around the microcracks. Except for the initial size
of microcracks, microcrack number in unit area, tectonic stresses
and yield strength, the surface energy per unit area and the creep
coefficients in formula (27) are important parameters, which have
influences on the growth progress of microcrack. The surface energy
per unit area is also an elastic strain energy release rate at crack
propagation in elastic fracture mechanics. The creep coefficients in
formula (27) may be obtained from a creep test in laboratory on a
perfect rock sample without microcracks.

7 C O N C L U S I O N

The progressive failure leading to collapse of faults has been studied
numerically and experimentally (Lockner & Moore 1992; Tang et al.
1993; Tang 1997; Tang & Kaiser 1998; Tang et al. 2003). Being
different from those studies, this paper considers the fault sliding as
a time-dependent process, then reaches the following results.

First, the creep growth of microcracks in yield area surround-
ing the tip of a fault is a possible mechanism that could ultimately
lead to expansion of a fault. The pregnant time of fault rupture
can be expressed by tr that is the time span between the initial
state of microcracks and the final interconnection among them. The
breakthrough of microcracks can cause fault sliding and lead to an
earthquake.

Secondly, the initial microcrack length and microcrack number
in unit area in yield zone around fault tips are key elements to
control the creep time to failure or the occurrence of foreshock,
although they cannot be determined theoretically at present. Fail-
ure or breakthrough time of microcracks less than 5-mm long
will take about millions of years; meanwhile, to the larger mi-
crocracks, that is, 20-mm long or larger, the failure time might
be only a few years. If it is possible to measure the size of mi-
crocracks in field, it is also possible to predict the occurrence of
earthquakes.

Finally, the interconnection of microcracks will ultimately lead
to the sliding of faults. According to the analysis above, the extent
of fault growth is the yield radius rb. However, due to dynamic
mechanic effect, when the yield zone is broken through, there might
leading occur new brittle rupture outside the yield zone, thus leading
to a larger earthquake.

In summary, the intend of this paper is to quantitatively analyse
the creep process of microfracturing in yield zone around the fault
tips. A simple creep growth model of microcracks in yield zone
under field stresses is proposed to deepen the understanding of the
pregnant process of an earthquake. It has in substance answered a
question, that is, when we have the knowledge of the initial size,

initial density and orientations of microcracks and field stresses, we
might roughly estimate the time when the microcracks in yield zone
around fault tips interconnect with each other during creep process,
or when an earthquake to a certain degree will happen.
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