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Abstract
comprised the eastern margin of the Tibetan Plateau, and this fault zone was predominantly a convergent bound-

On 12 May 2008, the devastating Wenchuan earthquake struck the Longmenshan fault zone, which

ary with a right-lateral strike-slip component. After such a large-magnitude earthquake, it was crucial to analyze
the influences of the earthquake on the surrounding faults and the potential seismic activity. In this paper, a
complex viscoelastic model of western Sichuan and eastern Tibet regions was constructed including the topog-
raphy. Based on the findings of co-seismic static slip distribution, we calculated the stress change caused by the
Wenchuan earthquake with the post-seismic relaxation into consideration. Our preliminary results indicated that:
(1) The tectonic stressing rate was relatively high in Kunlun mountain pass-Jiangcuo, Ganzi-Yushu, Xianshuihe
and Zemuhe faults; while in the east Kunlun and Longriba was medium; also the value was less in the Minjiang,
Longmenshan, Anninghe and Huya faults. As to the Longmenshan fault, the value was 0.28x10™% MPa/a to
0.35x1073 MPa/a, which is coincident with the previous long recurrence interval of Wenchuan earthquake; (2)
The Wenchuan earthquake not only caused the Coulomb stress decrease in the source region, but also the stress
increase in the two terminals, especially the northeastern segment, which is comparatively consistent with the
aftershock distribution. Meanwhile, the high concentration areas of the static slip distribution were correspond-
ing to the Coulomb stress reductions; (3) The Coulomb stress change caused by Wenchuan earthquake showed
significant increase on five major faults, which were northwestern segment of Xianshuihe fault, eastern Kunlun
fault, Longriba fault, Minjiang fault and Huya fault respectively; also the Coulomb stress on the fault plane of the
Yushu earthquake was faintly increased; (4) We defined the recurrence interval as the time needed to accumulate
the magnitude of the stress drop, and the recurrence interval of Wenchuan earthquake was estimated about 1 714
a to 2 143 a correspondingly.
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1 Introduction

On 12 May 2008, the devastating Wenchuan earth-
quake struck the Longmenshan fault zone about 300 km
(Densmore et al., 2007; Burchfiel et al., 2008), which
comprised the eastern margin of the Tibetan Plateau,
collapsing buildings and killing thousands in major cities
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of Sichuan province, China. Preliminary teleseismic
waveform analysis suggested that the earthquake was
composed of two sub-events of 6-9 m slip on an about
33° dipping fault, the epicentral sub-event underwent
oblique right-lateral thrust slip, while the northeast sub-
event slipped largely right-laterally (Nishimura and Ya-
gi, 2008; Ji and Hayes, 2008). After such an earthquake,
it was crucial to analyze the stress transfer in the crust.
Then, we employed the finite element model to study
the stress change caused by Wenchuan earthquake with
the post-seismic relaxation into consideration.

In the history records, there were many earth-
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quakes in the Longmenshan adjacent area, such as the
Diexi M7.3 in 1933 (Kan et al., 1977), the Songpan-
Pingwu M 7.2 double shocks in 1966 (Molnar and Deng,
1984), which were about one hundred kilometers to this
fault. However, in the last three hundred years, there
was no Mg>6.0 earthquake in the Longmenshan fault
system. Unexpectedly, the Wenchuan earthquake oc-
curred on this fault which was seemingly inactive from
the GPS observation before.

2 Finite element model

Based on the latest achievements about active tec-
tonics, velocity structure in western Sichuan and east-
ern Tibet regions, a finite element model is constructed
to simulate the stress change following the Wenchuan
earthquake. The model incorporates five key features:
(1) The boundary is determined as follows: 26°N-37°N
in latitude and 90°E—-108°E in longitude, also the depth
reaches 100 km; (2) The model includes five layers with
the topography into consideration, and all these fault-
s in the model are simulated by the frictional contact,
that is to say, contact elements have zero thickness; (3)
The faults in the model are discontinuities and have de-
formable contact elements on their surface that obey the
Coulomb failure criterion; (4) The Longmenshan fault

Table 1 Material properties of the crust and upper mantle

zone has a high dipping angle near surface and low-angle
at depth, and this kind of listric shape favors significant
strain to form great earthquakes; (5) The crustal veloci-
ty structure and density are known in advance (Wang et
al., 2007; Huang et al., 2003; Zhu, 2008), and the elas-
tic parameters can be inferred (Table 1), the viscosity
follows the previous results (Shi and Cao, 2008; Zhang
et al., 2008a).

2.1 Model description

The finite element model is composed entirely
of eight-node viscoelastic elements (Figure 1). It con-
sists of 135547 elements with 141 527 active nodes.
The surface elevation is mainly based on the SRTM
(Shuttle Radar Topography Mission) elevation da-
ta (http://srtm.csi.cgiar.org/). Since the Longmenshan
fault zone has a high dipping angle near surface and
low-angle at depth, we use the listric shape to simulate
the fracture surface morphology, and this kind of shape
favors significant strain or energy accumulation to form
great earthquakes (Zhu and Zhang, 2009). As the earth-
quake preparation process generally takes several hun-
dred to several thousand years and even longer, to a cer-
tain extent, the rock stress-strain accumulation presents
the rheological properties. Therefore, it is necessary to
consider the rheological properties of the medium.

Layer Depth/km Partition

Young’s modulus

Poisson’s ratio Viscosity

/GPa v /(1019 Pa~s)

1 60.8 0.25 100

Surface 0-5 ) 20.3 0.25 100

3 81.0 0.25 100

4 83.7 0.25 100

X 5 86.5 0.25 100

Upper crust 5-16 6 27.0 0.26 100

7 2.74 0.26 100

8 2.90 0.26 100
9 7.70 0.26 1

10 8.97 0.25 10

‘ 11 9.56 0.25 10
Middle crust 16-30 192 2.57 0.28 1
13 2.77 0.28 1
14 2.88 0.28 1

15 10.5 0.28 10

16 11.6 0.26 10

. 17 14.4 0.26 10

Lower crust 30-65 18 3.50 0.30 10
19 3.67 0.30 10

20 4.33 0.30 10

21 14.9 0.30 10

22 16.5 0.28 10

23 18.6 0.26 10

Upper mantle 65-100 21 4.97 0.35 10
25 5.23 0.35 10

26 5.57 0.35 10
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Figure 1 Three dimensional discretization model. Fi to Fio represent the Kunlun mountain pass-Jiangcuo,

eastern Kunlun, Longriba, Minjiang, Huya, Longmenshan, Ganzi-Yushu, Xianshuihe, Anninghe and Zemuhe

faults, respectively, and the geometric parameters are in details in Table 2 according to the recent findings

(Xu et al., 2008), while the right is the digital elevation increased by five times around the Sichuan basin, and

the elevation difference was obvious.

Table 2 Geometric parameters of the major active faults

Fault Strike Dip Inclination Activity

Xianshuihe fault (NW) N40°W NE/SW vertical LL
Xianshuihe fault (SE) N20°W NE/SW vertical LL

Kunlun mountain pass fault EW N/S vertical LL+R
Ganzi-Yushu fault NW NE vertical LL

Kunlun fault WNW NE/SW vertical LL+R

Longmenshan fault N45°E NwW 65° (up), 25°(down) RL+R

Anninghe fault NS E/W vertical LL+R

Zemuhe fault N25°W SW vertical LL+R
Longriba fault N60°E NW vertical RL

Minjiang fault NS E/W vertical LL+R
Huya fault NNW E/W vertical LL

Note: LL presents left-lateral strike-slip, RL presents right-lateral strike-slip, and R presents reverse dip-slip.

Among the previous researches, the Maxwell
body or the power-law fluid was widely used in the
earthquake-related fields (Zhang et al., 2009; Wu et al.,
2011), the relaxation and creep characteristics of the
Maxwell body have shown a similar fluid nature prop-
erty, in which the stress reduces to zero, or the strain in-
creases infinitely with time, and this may not match the
crustal rheological characteristics. As a nonlinear con-
stitutive relation, the power-law fluid needs the higher
convergence value. In the end, we choose the standard
linear solid constitutive in this paper. And the creep and
relaxation equations of this constitutive relation are

e — (o] |:1_ <l_p1q0>e—t/7—:| , (1)
4o a1

0 = qoe1 (1 - e_t/pl) + @ g1t/ (2)
p1

and

where p1=n/(E1+E2), qo=E1-E2/(E1+E2), i=FE1-n/
(E1+E2), 7=q1/q0=n/E2, E1, E5 represent the Young’s
modulus and 7 the viscosity.

As we all know, the Maxwell body shows a similar
fluid properties, and as a solid medium with the rheolog-
ical properties, the standard linear solid is more realistic
than the Maxwell or Kelvin body, and the creep and re-
laxation characteristics are shown in Figure 2. For the
creep equation, the strain increases to a constant with
the invariable stress, not the infinite; while for the re-
laxation equation, the stress reduces to a constant with
the invariable strain, not zero.

2.2 Boundary conditions and loads

GPS velocity observations are interpolated and
extrapolated across the model and boundary condi-
tion areas, and the model is loaded according to a
thousand year displacements, then the tectonic stressing
rate is evaluated. Meanwhile, the model base is freely
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Figure 2 Creep (a) and relaxation (b) curves of the
standard linear solid body where Ey and E. represent
the Young’s modulus in the initial and the infinite time,
while €¢9 and eo represent the strain in the same condi-
tion, o represents the initial stress.

slipping laterally but cannot move vertically, and the
model free surface is fully deformable. All constraints
are imposed on the model as described above; before
any constrain is introduced, the model is subjected to
gravity for a ten thousand years period required to fully
compress under its own weight.

All modeling presented here is conducted using the
ANSYS finite element program. ANSYS employs the
Newton-Raphson approach to solve nonlinear problems.
In this method a load is subdivided into a series of incre-
ments applied over several steps. Before each solution
this method evaluates the out-of-balance load vector. If
the convergence criteria are not satisfied, the load vec-
tor is reevaluated, the stiffness matrix is updated, and
a new solution is obtained until the problem converges.

3 Coulomb failure stress change
results

An earthquake can be modeled as an elastic dislo-
cation solutions in an elastic half-space (Okada, 1992),
which makes the estimation of stress transfer and pre-
diction of the aftershock distribution available immedi-
ately after an earthquake, and it is widely used nowa-
days (Harris, 1998; Stein, 1999; Gomberg and Felzer,
2008). When the Wenchuan earthquake occurred, nu-
merous Coulomb failure stress studies have been car-
ried out. Parsons et al. (2008) calculated the stress

change in the vicinity of the Longmenshan fault zone
and estimated the earthquake probability. Toda et al.
(2008) did a similar analysis to forecast the seismic
rate and distribution of damaging shocks using the cal-
culated stress changes and the observed background
seismicity. Wan and Shen (2010) used an updated
earthquake source model and the fault geometry as
well as kinematic parameters to attempt a better as-
sessment of the earthquake potentials in the region,
also to evaluate the Coulomb failure stress assuming
different effective friction coefficients; the results are
in general agreements with previous studies. Shan et
al. (2009) used the PSGRN/PSCMP software and the
Crust 2.0 model to study the stress change caused
by Wenchuan earthquake, and also the uncertainty
deduced from the effective friction coefficient. Unfor-
tunately, the shortcomings such as the coupled vis-
coelastic relaxation effect and inhomogeneous medium
treatment were obvious (Nur and Mavko, 1974), the
initial stress was also not included. However, the initial
stress not only made the fault plane stress state more
complex, but also affected the distribution of Coulomb
stress (King et al., 1994), while the finite element
method was relatively flexible.

Calculated changes in stress tensor components are
resolved on the interest planes, and changes in failure
stress are related to triggering or inhibition of future
earthquakes (Chen et al., 2008). Usually, the Coulomb
stress change is used to explain patterns of seismicity
(Yamashina, 1978; Stein, 1999). The Coulomb failure
criterion is defined as

Aoy = AT+ ,U(Aa'n + Ap)v (3)

where AT is the shear stress acting on the receiver fault
(positive in the fault slip direction), p is the friction
coefficient, Ao, is the change in normal stress acting
on the receiver fault (positive for unclamping), Ap is
the pore pressure change. The effect of friction reduc-
tion due to pore pressure can be represented by an
equivalent friction coefficient p'=u(1—B), in which B
is the Skempton coefficient in the range of 0-1 (Rice,
1992), then Aos=A7+y Aoy, also in our calculation,
we are assuming the equivalent friction coefficient value
of 1/'=0.4.
3.1 Tectonic stressing rate

Tectonic stressing rate is simulated on the finite
element model with the GPS constraints, and this peri-
od lasts one thousand years. After one thousand years
the Wenchuan earthquake is simulated by displacing
the Longmenshan fault with the slip distribution of Ji
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and Hayes (2008). From Figure 3 we can conclude that
the stressing rate is relatively high in Kunlun mountain
pass-Jiangcuo, Ganzi-Yushu, Xianshuihe and Zemuhe
faults; while the east Kunlun and Longriba is medium;
also the value is less in the Minjiang, Longmenshan, An-
ninghe and Huya faults. As to the Longmenshan fault,

90°E

100
T

the value is 0.28x1073 MPa/a to 0.35x1073 MPa/a,
which is coincident with the previous long recurrence in-
terval of Wenchuan earthquake (Densmore et al., 2007;
Burchfiel et al., 2008; Zhang et al., 2008b; Shen et al.,
2009).
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Figure 3 Tectonic stressing rate on the mainly active faults in the upper crust. Fi to Fio represent the

Kunlun mountain pass—Jiangcuo, eastern Kunlun, Longriba, Minjiang, Huya, Longmenshan, Ganzi-Yushu,

Xianshuihe, Anninghe and Zemuhe faults, respectively.

3.2 Coulomb failure stress changes caused by
Wenchuan earthquake

The Coulomb failure stress change on a receiver
fault not only depends on the fault geometry (strike,
dip and rake) and friction coefficient, but also the ge-
ometry of the source fault, as well as the coseismic slip
of the source earthquake (King et al., 1994). Before the
findings of co-seismic static slip distribution was intro-
duced (Figure 4), the model was subjected to gravity
for a ten-thousand-year period required to fully com-
press under its own weight, then with the post-seismic
relaxation into consideration, the Coulomb failure stress
change caused by the Wenchuan earthquake was exam-
ined in detail, as shown in Figure 5.

The Wenchuan earthquake not only caused the
Coulomb failure stress decrease in the source region,
but also the stress increase in the two terminals, espe-
cially the northeastern segment, which is comparatively
consistent with the aftershock distribution. Meanwhile,
the high concentration area of the static slip distribution

was corresponding to the stress reduction; the Coulomb
failure stress change caused by Wenchuan earthquake
was significantly increased on five major fault segments,
which were northwestern segment of Xianshuihe fault,
eastern Kunlun fault, Longriba fault, Minjiang fault and
Huya fault respectively, also the Coulomb failure stress
on the fault plane of the Yushu earthquake was faintly
increased. The earthquake also decreased the Coulomb
failure stress on the southeastern segment of Xianshuihe
fault, Anninghe fault, especially on the southeastern
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Figure 4 Distribution of the coseismic displacement in
the seismogenic fault (After Ji and Hayes, 2008).
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Figure 5 Coulomb stress change on major faults caused by the Wenchuan earthquake. The fault

names are the same as those in Figure 3.

segment of Xianshuihe fault with the stress reduction
of 0.3 MPa, respectively. The Coulomb failure stress
change on the fault plane of Zemuhe was nearly zero,
indicating no significant influence of the Wenchuan
earthquake on the fault. In short, the Coulomb stress
change was mainly increasing in the area north of the
Longmenshan fault zone while the south was different
degrees of reduction.
3.3 Estimation of the recurrence interval in the
Longmenshan fault zone

From the point of the excavation trenches after the
earthquake, both the central and frontier-range faults of
the Longmenshan had shown at least two seismic events
with the size of the Wenchuan earthquake, and the pre-
liminary results were of characteristic earthquake type
(Ran et al., 2008; Zheng et al., 2008). We defined the
recurrence interval as the time needed to accumulate
the magnitude of the stress drop. In line with our result
of the tectonic stressing rate in Figure 3, the recurrence
interval of Wenchuan earthquake in the Longmenshan
fault was estimated about 1 714 a to 2 143 a correspond-
ingly, which was comparatively consistent with the oth-
er methods, such as the paleoseismic evidence, fault slip
rate, earthquake moment rate and GPS observation da-
ta (Zhang et al., 2008b; Xie et al., 2008; Ren et al., 2009;
Zhu and Zhang, 2009; Ran et al., 2010).

4 Conclusions

The 12 May 2008 Wenchuan earthquake caused
grievous losses, yet its legacy included possible large
shocks in the near future around the Sichuan basin. In
view of this point, GPS-derived displacement was used
to distort a finite element model of western Sichuan
and eastern Tibet, and the tectonic stressing rate was
given. Based on the findings of co-seismic static slip
distribution deduced from the teleseismic waveform
analysis, the Coulomb failure stress change caused by
the Wenchuan earthquake was introduced with the
post-seismic relaxation into consideration, then the pre-
liminary results showed that the effect was changed in
partition in the area north of the Longmenshan fault;
the effect was mainly loaded while in the south upload-
ed. That is to say, if such an earthquake in the future
is observed on the stressed parts of the Xianshuihe,
east Kunlun, Longriba, Minjiang and Huya faults, it
would provide support for hypothesis that large shocks
are now also more likely to happen where the static
stress imparted by the mainshock has risen. Finally,
the recurrence interval of the Longmenshan fault was
estimated about 1714 a to 2143 a correspondingly.
Furthermore, the postseismic effect such as the afterslip
was ignored in this paper, which will be done later.
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