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Abstract  The Wenchuan MS8.0 earthquake occurred on the Longmenshan fault which inclines at a dip angle exceeding 
60 degrees. Since most thrust earthquakes occur on faults with dip angles of about 30 degrees, it is enigmatic why the Wen-
chuan earthquake occurred on such a steep fault. In this study we use a simple finite element model to investigate how the 
stress state in the fault changes with the variation of Poisson’s ratio. The results show that, with the Poisson’s ratio in the 
fault increasing, the magnitudes of the principal stresses increase and the maximum shear stress decrease, and, especially, the 
angle between the maximum principal stress and the fault plane decreases, which will enhance the driving force to overcome 
the frictional resistance on the fault. The increase of Poisson’s ratio in the fault may be an important factor to affect the oc-
currence of the fault earthquakes with large angles between maximum principal stress and fault plane. 
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1 Introduction  

Most thrust earthquakes occur on faults with dip 
angles of about 30 degrees. The seismogenic fault of the 
Wenchuan MS8.0 earthquake, i.e., the Longmenshan 
fault, however, dips at an angle of 70°−80° adjoining the 
surface and turns to 30°–60° near the focus (15−19 km) 
(Zhang et al, 2009). Post-earthquake geological survey 
yields a dip angle of 62° (Fu et al, 2008). If the tectonic 
maximum principal stress σ1 is horizontal in the Wen-
chuan area, the resulting normal stress on the fault must 
be high, implying a relatively high frictional strength. It 
is thus enigmatic why the Wenchuan earthquake oc-
curred on such a steep fault. 

A high Poisson’s ratio was probed by seismic to-
mograghy in some large earthquakes (Zhao et al, 1996; 
Salah and Zhao, 2003), and it was also found in the fo-
cus zone of the 2008 Wenchuan earthquake (Wang et al, 
2009). Can the high Poisson’s ratio affect the stress state 
in the seismogenic fault? In a recent study, Faulkner et 
al (2006) showed that when the Poisson’s ratio in a fault 
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zone increases, the principal stress directions show sig-
nificant variations, while the differential stress decreases 
and the mean stress increases. In the present study, we 
analyze, using a simple 2D finite element model (FEM) 
with a thrust fault zone, how the stress state in the fault 
zone evolves with the variation of Poisson’s ratio and 
how the Poisson’s ratio variation affects the earthquake 
occurrence. We show that an increased Poisson’s ratio 
in the fault zone causes the shear rupture plane to rotate 
close to the fault plane, allowing the occurrence of 
earthquakes on thrust faults with a steep dip angle. 

High angle intersection between the maximum 
principal stress direction and the fault trace may also 
occur around the world. One well known example is the 
strike-slip San Andreas fault (SAF) in California, where 
the angle of intersection is 68°–85° in the region near 
the fault (Zoback et al, 1987; Scholz, 2000; Townend 
and Zoback, 2004). Thus the results of the present study 
may have global applications.  

2 FEM model to study seismogenic 
stress field of the Wenchuan earthquake  

It is commonly recognized that the fault of a large 
earthquake is a zone of fractured rock and fault gouge, 
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rather than a geometric surface without thickness. For 
instance, the SAF is 100–200 m in southern California 
(Li et al, 1994; Li, 2003) and more than 1 km thick in 
central California (Wang, 1984; Wang et al, 1986). In 
this paper we use the term “fault” to mean a “fault belt” 
or a “fault zone” with a ‘core’ located at the center of 
the fault zone and a damage zone around the core 
(Chester et al, 1993; Faulkner et al, 2006). 

For simplify, we use a two-dimensional plane 
strain model perpendicular to the strike of the Long-
menshan fault trace (Figure 1). We suppose that the 
Longmenshan fault zone (the solid line AB in Figure 1) 
is 1 km thick and the fault-zone material is elastic. The 
fault reaches a depth of 15 km, as indicated by the af-
tershocks, with a dip angle of 62°. 

For boundary conditions, we assume that the upper 
surface is free and the bottom of the model is supported 
on rollers (Figure 1). On the lateral boundaries, hori-
zontal displacements are applied symmetrically on both 
boundaries toward the fault (Figure 1a), with a magni-
tude that increases linearly from 20 m on the model sur-
face to 250 m at the depth of 35 km and is constant from 
30 km to 50 km. The magnitude of the boundary dis-
placement is chosen so as to provide a stress filed in the 
model with a maximum principal stress in the horizontal 
direction. 

The material properties in the model are estimated

on the basis of a one-dimensional P-wave velocity mod-
el for the Longmenshan area (Lei et al, 2009). Using this 
velocity model as a reference and the lateral variations 
of velocity from tomographic studies (Lei et al, 2009; 
Liu et al, 2009), we set the P-wave velocity at the hang-
ing wall in Qinghai-Xizang (Tibet) plateau (the left area 
of line AC in Figure 1) to be higher by 5% between 0 
and 20 km and lower by 5% between 20 km and 50 km 
in depth, and we did the same for the footwall in Sichuan 
basin (the right area of line AC in Figure 1). Finally, we 
assume that the P-wave velocity in the fault is lower than 
the reference velocity by 10% (Wang, 1984). 

In the model, density ρ is taken from the prelimi-
nary reference Earth model (PREM), which is, in kg/m3, 
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For the Poisson’s ratio, ν, we assume a value of 0.25 
outside the fault zone and a range of values from 0.25 to 
0.48 within the fault zone. 

Given the above boundary conditions and material 
properties, we calculate the stress state in the fault zone 
using a finite element method. The model is divided into 
27 000 quadrilateral elements and 27 331 nodes (Figure 
1b). The meshes in the fault and within a width of 5 km 
from the fault are sufficiently dense to assure computa-
tional precision. 

 

Figure 1 Numerical model and boundary conditions. (a) Model geometry and boundary conditions. The horizontal 
boundary displacements applied on both sides increase linearly from 20 m on the model surface to 250 m at the depth of 
35 km and are constant from 30 km to 50 km; (b) Finite element grid used in the computation. 

3 Numerical results 
For convenience, we choose a profile AB (Figure 2) 

in the fault to represent the direction of the fault and 

define an angle ψ as the angle from the fault plane to the 
direction of σ1. ψ >0 when it is clockwise. The smaller 
the value of ψ is, the closer the direction of σ1 to the 
fault plane. 
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Figure 2 Definition of the angle ψ with respect to 
the mid-plane of the fault zone. 

The following figures show the numerical results 
of the analysis on the stress in the fault zone when the 
Poisson’s ratio in the fault zone increases from 0.25 to 
0.48. Figure 3 shows that the magnitudes of the maxi-

mum and minimum principal stresses, σ1 and σ3, change 
with the variation of Poisson’s ratio at different depths. 
Figure 3a shows that σ1 and σ3 increase and the differ-
ence between σ1 and σ3 decreases correspondingly with 
the increase of Poisson’s ratio ν. The variations of the 
minimum principal stress are larger than those of the 
maximum principal stress. Figure 4 shows that ψ 
changes with Poisson’s ratio. The curve ψν=0.25 shows 
how the angle ψ changes with depth, given ν =0.25. The 
magnitude of ψ decreases with increasing Poisson’s ra-
tio, which means that the direction of the maximum 
principal stress rotates toward the fault plane. This rota-
tion is also expressed in the same figure by the curve 
(ψν=0.48−ψν=0.25). In the figure, negative value denotes 
the reduction of the angle, and the amount of rotation 
reaches a maximum of 21 degrees at a depth of 12 km 
and then decreases sharply with depth. 

 

Figure 3 Changes of σ1 and σ3 at different depths with different Poisson’s ratio ν. 

Since the principal stresses and their rotation are 
the focus of this study, we express the Coulomb failure 
criterion (CFC) in the following equivalent form: 

 ,
2sin)tan1(2
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where the expression on the left hand side is the critical 
maximum shear stress, S0 is the cohesion of the fault and 
μ the equivalent (or apparent) frictional coefficient. 

When the maximum shear stress in a fault is less than 
the critical value, the fault is stable; when it exceeds the 
critical value, instability occurs that may lead to an 
earthquake. As Figure 3 shows, the calculated values of 
both σ1 and σ3 depend on the depth and on the Poisson’s 
ratio. For a given pair of σ1 and σ3, the value of μ is 
evaluated from the Coulomb criteria for S0=5 MPa. 
Given these parameters and the above relationship, we 
plot in Figure 5 the critical maximum shear stress as a 
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Figure 4 Variation of angle ψ with different Poisson’s ratios. 

function of ψ at Poisson’s ratios of 0.25, 0.35, 0.45 and 
0.48 at a depth of 13 km, i.e., the focal depth of the 
Wenchuan earthquake (Lu et al, 2008). 

The maximum shear stress in the fault and the cor-
responding value of ψ at a depth of 13 km may be esti-
mated from Figures 3 and 4, respectively, for different 
Poisson’s ratios; these are plotted in Figure 5 in solid 
symbols. It is clear that at Poisson’s ratios of 0.25 and 
0.35, the maximum shear stresses in the fault fall below 
the corresponding critical values required for fault rup-
ture. On the other hand, at Poisson’s ratios of 0.45 and 
0.48, the maximum shear stresses in the fault are equal 
to, or even fall below, the corresponding critical values.  

 

Figure 5 Critical maximum shear stresses (σ1−σ3)/2 predicted by equation (3) as functions of ψ, and the 
maximum shear stresses in the fault at a depth of 13 km calculated from the present model, with an assumed 
Poisson’s ratio of 0.25, 0.35, 0.45 and 0.48, respectively, in the fault zone.  

4 Discussion and conclusions 
Increases in the Poisson’s ratio may be a common 

phenomenon in seismogenic processes, as suggested by 
rock mechanical experiments (Faulkner et al, 2006; 
Barton, 2007) and inclusion of fluid in the focus zone 
(Zhao et al, 1996, 2000; Salah and Zhao, 2003; Wang et 
al, 2009). An estimation from field observation, labora-
tory experiments and numerical modeling showed that 
Poisson’s ratio in the fault core would increase and ex-
ceed 0.45 (Faulkner, 2006). A study on the Wenchuan 
earthquake by seismic tomograghy with 200 000 local 
travel time data shows that the focus zone of the Long-
menshan earthquake fault is in the region with high 
Poisson’s ratio (Wang et al, 2009). 

In the present study we showed that increases in 
the Poisson’s ratio may reduce the angle between the 
maximum principal stress and the fault. For a given 
Poisson’s ratio, the principal stress direction changes 
much more at depths than that near the surface. We also 
find that an increased Poisson’s ratio in the fault zone 
causes the shear rupture plane to rotate closer toward the 
fault plane. The rotation amount of the maximum prin-
cipal stress direction reaches a maximum of 21 degrees 
at a depth of 12 km when Poisson’s ratio ν increases 
from 0.25 to 0.48, which makes the Longmenshan fault 
with steep dip angle slip more easily than other Pois-
son’s ratios at the same depth. The depth is close to the 
focus. 
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The present study focuses on the stress field and 
provides an explanation for the occurrence of earth-
quakes on thrust faults with steep angles. The concep-
tual model adopted here may be overly simplified. In 
reality, the dip angle of a fault may change with depth, 
which will change the stress state in the fault zone. The 
Poisson’s ratio may also be heterogeneous in the fault. 
These factors will affect the stress state in the Long-
menshan fault, both in its magnitude and direction. Fur-
ther studies to consider these factors are needed. 

Acknowledgments This work is supported by 
National Natural Science Foundation of China (No. 
40474013 and 40821062) and the Special Research 
Project in Earthquake Science, China (No. 200808068). 

References 
Barton N (2007). Rock Quality, Seismic Velocity, Attenuation and Anisotropy. 

Taylor & Francis/Balkema, Netherlands, 523. 
Chester F M, Evans J P and Biegel R L (1993). Internal structure and weaken-

ing mechanisms of the San Andreas fault. J Geophys Res 98: 771–786. 
Faulkner D R, Mitchell T M, Healy D and Heap M J (2006). Slip on ‘weak’ 

faults by the rotation of regional stress in the fracture damage zone. Na-
ture 444: 922–925. 

Fu B H, Wang P, Kong P, Zheng G D, Wang G and Shi P L (2008). Preliminary 
study of coseismic fault gouge occurred in the slip zone of the Wenchuan 
MS8.0 earthquake and its tectonic implications. Acta Petrologica Sinica 
24(10): 2 237–2 243. 

Lei J S, Zhao D P, Su J R, Zhang G W and Li F (2009). Fine seismic structure 
under the Longmenshan fault zone and the mechanism of the large Wen-
chuan earthquake. Chinese J Geophys 52(2): 339–345. 

Li Y G (2003). Characterization of failure zones at Landers and Hector Mine, 
California in 4-D by fault-zone guided waves. Earth Science Frontiers 10: 
479–505. 

Li Y G, Aki K, Vidale J E, Lee W H K and Chris J M (1994). Fine structure of 
the Landers fault zone: segmentation and failure process. Science 256: 
367–370. 

Liu Q Y, Li Y, Chen J H, Guo B, Li S C, Wang J, Zhang X Q and Qi S H 
(2009). Wenchuan MS8.0 earthquake: preliminary study of the S-wave ve-
locity structure of the crust and upper mantle. Chinese J Geophys 52(2): 
309–319. 

Lu J, Su J R, Jin Y K, Long F, Yang Y Q, Zhang Z W, Tang L R and Li C 
(2008). Discussion on relocation and seismo-tectonics of the MS 8.0 Wen-
chuan earthquake sequences. Seismology and Geology 30(4): 917–925. 

Salah M K and Zhao D P (2003). 3-D structure of Kii Peninsula in southwest 
Japan evidence for slab dehydration in the forearc. Tectonophysics 364: 
191–213. 

Scholz C H (2000). Evidence for a strong San Andreas fault. Geology 28: 
163–166. 

Townend J and Zoback M D (2004). Regional tectonic stress near the San 
Andreas fault in central and southern California. Geophys Res Lett 31: 
L15S11, doi:10.1029/2003GL018918. 

Wang C-Y (1984). On the constitution of the San Andreas fault. J Geophys Res 
89: 5 858–5 866. 

Wang C-Y, Feng R, Yao Z and Shi X (1986). Gravity anomaly and density 
structure of the San Andreas fault zone. Pure Appl Geophys 124: 127–140. 

Wang Z, Fukaob Y and Pei S P (2009). Structural control of rupturing of the 
MW7.9 2008 Wenchuan earthquake, China. Earth and Planetary Science 
Letters 279(1-2): 131–138. 

Zhang P Z, Wen X Z, Xu X W, Gan W J, Wang M, Shen Z K, Wang Q L, 
Huang Y, Zhen Y, Li X J, Zhang Z Q, Ma S L, Ran Y K, Liu Q Y, Ding Z 
F and Wu J P (2009). Tectonic model of the great Wenchuan earthquake of 
May 12, 2008, Sichuan, China. Chinese Sci Bull 54(7): 944–953 (in Chi-
nese). 

Zhao D, Kanamori H, Negishi H and Wiens D (1996). Tomograghy of the 
source area of the 1995 Kobe earthquake: evidence for fluids at the hypo-
center? Science 274: 1 891–1 894. 

Zhao D, Ochi F, Hasegawa A and Yamamoto A (2000). Evidence for the loca-
tion and cause of large crustal earthquakes in Japan. J Geophys Res 
105(B6): 13 579–13 594. 

Zoback M D, Zoback M L, Mount V S, Suppe J, Eaton J P, Healy J H, Oppen-
heimer D, Reasenberg P, Jones L, Raleigh C B, Wong I G, Scotti O and 
Wentworth C (1987). New evidence on the state of stress of the San An-
dreas fault system. Science 238: 1 105–1 111.

 


	1 Introduction
	2 FEM model to study seismogenic stress field of the Wenchuan earthquake
	Abstract
	3 Numerical results
	4 Discussion and conclusions
	Acknowledgments
	References

