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Abstract 

We calculated the Coulomb failure stress change generated by the 1976 Tangshan earthquake that is projected onto 
the fault planes and slip directions of large subsequent aftershocks. Results of previous studies on the seismic fail-
ure distribution, crustal velocity and viscosity structures of the Tangshan earthquake are used as model constraints. 
Effects of the local pore fluid pressure and impact of soft medium near the fault are also considered. Our result 
shows that the subsequent Luanxian and Ninghe earthquakes occurred in the regions with a positive Coulomb fail-
ure stress produced by the Tangshan earthquake. To study the triggering effect of the Tangshan, Luanxian, and 
Ninghe earthquakes on the follow-up small earthquakes, we first evaluate the possible focal mechanisms of small 
earthquakes according to the regional stress field and co-seismic slip distributions derived from previous studies, 
assuming the amplitude of regional tectonic stress as 10 MPa. By projecting the stress changes generated by the 
above three earthquakes onto the possible fault planes and slip directions of small earthquakes, we find that the 
“butterfly” distribution pattern of increased Coulomb failure stress is consistent with the spatial distribution of 
follow-up earthquakes, and 95% of the aftershocks occurred in regions where Coulomb failure stresses increase, 
indicating that the former large earthquakes modulated occurrences of follow-up earthquakes in the Tangshan 
earthquake sequence. This result has some significance in rapid assessment of aftershock hazard after a large 
earthquake. If detailed failure distribution, seismogenic fault in the focal area and their slip features can be rapidly 
determined after a large earthquake, our algorithm can be used to predict the locations of large aftershocks. 
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Introduction 
The July 28, 1976 Tangshan earthquake is one of the most catastrophic events in history 

(QIU, 1976). The following Luanxian MS7.1 aftershcok, which occurred about 15 hours later, 
made the disaster more serious. Ninghe MS6.9 earthquake occurred in the southern part of the fault 
on November 15 of the same year. A large number of aftershocks have been occurring continu-
ously up to the present. What is the relationship between the mainshock and the aftershocks of 
Luanxian and Ninghe? What is the relationship between the above three earthquakes and the fol-
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lowing aftershocks? The study on these questions will provide a better understanding of the inter-
action between large earthquakes and that between mainshock and aftershocks, which will have a 
certain practical significance for seismic hazard assessment. 

In recent years, the study on effects of Coulomb failure stress change produced by large 
earthquake on the location and occurrence time of the follow-up earthquakes has attracted wide 
attention in the international seismological circles (Harris, 1998; Stein, 1999). Many case studies 
show that the increase of Coulomb failure stress encourages the occurrence of the follow-up mod-
erate-strong earthquakes in the earthquake sequence (Troise et al, 1998; Robinson and ZHOU, 
2005) and has certain influence on their aftershock activity (Das and Scholz, 1981; Toda et al, 
1998; MA and CHAN, 2005). This provides a new way to assess the hazard of the aftershocks. 

The previous studies on seismic stress triggering effect were mostly based upon the simula-
tion of elastic deformation (Okada, 1992), so only elastic response of stress change can be esti-
mated. This is a better approximation for stress and strain field in a relatively short time period 
after an earthquake. But for a longer interval (i.e., decades period), the long-term stress change 
caused by visco-elastic relaxation of the media can not be ignored. This visco-elastic relaxation 
effect is due to the coupling between the brittle upper crust and the visco-elastic lower crust and 
upper mantle (Nur and Mavko, 1974; Rydelek and Sacks, 1990). Pollitz’s (1992) study has shown 
that the co-seismic deformation is greater than that of the post-seismic in near-field, but in the far 
field region which is several times of the elastic thickness away, and in a time period of several 
times of the media characteristic time, the post-seismic deformation is much larger than the 
co-seismic deformation. For example, it has been found that, the 1995 M7.0 Kobe, Japan, earth-
quake was advanced by stress relaxation produced by two M8 large earthquakes several hundreds 
of kilometers away in the Nanhai Trough in 1944 and 1946 (Pollitz and Sacks, 1997). Using a 
visco-elastic model, Ben-zion et al (1993) also concluded that the Parkfield earthquake was 
modulated by visco-elastic stress transfer produced by the 1857 Fort Tejon earthquake occurred on 
the San Andreas fault. They gave the time of next big earthquake is 1992 ± 9 years, and Parkfield 
earthquake occurred in 1994. The occurrence of the 1999 Mw7.0 Hector Mine, California, earth-
quake is particularly interesting because it took place only about 20 km away from and 7 years 
after the 1992 Mw 7.3 Landers earthquake. The closeness in space and time leaves little doubt of 
their causality. Using the earthquake source model by Wald and Heaton (1994) and the crustal 
model of elastic half-space, scientists from US Geological Survey et al (2000) calculated the static 
Coulomb failure stress change at the epicenter of the Hector Mine earthquake imposed by the 
rupture of the Landers earthquake. And the result shows that although the normal stress change 
seemed to have unlocked the Hector Mine seismogenic fault, the overall Coulomb failure stress 
change on the fault was negative. It means that the co-seismic stress change cannot satisfactorily 
explain the triggering effect of the Landers earthquake on the Hector Mine earthquakes. Using 
respectively a 3-D finite element code and a generalized reflection/transmission matrix method, 
Freed and LIN (2001) and ZENG (2001) estimated Coulomb failure stress change generated by a 
viscous lower crust and upper mantle. They found that post-seismic Coulomb stress increase by 
0.1~0.2 MPa at the epicenter of the Hector Mine earthquake seven years after the Landers earth-
quake, which finally triggered the Hector Mine event. Considering inter-seismic strain accumula-
tion, visco-elastic relaxation and stress change caused by earthquakes, WAN et al (2007) and Pol-
litz and Schwartz (2008) verified the good corresponding relationship between stress transfer and 
subsequent earthquake occurrences in northeast Qinghai-Tibet plateau and San Francisco bay re-
gion respectively. All these results suggest the importance of considering visco-elastic relaxation 
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process in evaluating the stress transfer and earthquake triggering process, and eventually in as-
sessing seismic hazard potential.  

This paper aims to study the stress triggering in Tangshan earthquake sequence. For this 
problem, WAN et al (2000) has studied Coulomb failure stress change projected on fault plane and 
slip direction generated by Tangshan mainshock by using simple failure model. They found that 
the Tangshan mainshock had triggering effect on the occurrence of Luanxian earthquake. Liu and 
FU (2000) have studied the elastic triggering effect of Tangshan mainshock with three segments 
slip model on aftershocks in the three regions. They found that the mainshock occurrence encour-
aged the follow-up earthquakes. Robinson and ZHOU (2005) have studied the stress interaction 
between fault segments of Tangshan mainshock and the triggering effect of mainshock on 
Luanxian and Ninghe earthquakes. They found that the initial ruptured southern fault segment en-
couraged the subsequent rupture in northern fault segment, and the occurrence of mainshock have 
triggering effect on the occurrence of follow-up Luanxian and Ninghe earthquake. But for the af-
tershock triggering in decades, the post-seismic visco-elastic relaxation effect cannot be ignored 
(SUN et al, 1994; SHEN et al, 2003; WAN et al, 2007b). In addition, studies have shown that the 
calculated surface deformation has large difference by adopting homogeneous visco-elastic model 
and layered visco-elastic model (e.g. LI et al, 2005). So it is necessary to use layered visco-elastic 
model in this study. In addition, pore pressure change in pore fluid migration caused by quarrying 
can explain the change of seismicity nearby (Seeber et al, 1998). Nur and Booker (1972) pointed 
out that the pore pressure change caused by mainshock could control the occurrence time of after-
shocks. Piombo et al (2005), in their study on how the post-seismic pore fluid flow affects the 
Coulomb failure stress change, found that the post-seismic pore fluid flow not only changed the 
quantity of the Coulomb failure stress change but also changed the positive and negative of the 
Coulomb failure stress change in certain areas, i. e., converting the area that encourages earth-
quake occurrence into one that discourages earthquake occurrence, and vice versa. Taking 2005 
Pakistan earthquake as example, WAN et al (2007a) explained the influence of Coulomb failure 
stress change caused by medium viscous relaxation and the change of pore pressure near the fault. 
So it is necessary to consider the influence of pore fluid pressure in calculating Coulomb failure 
stress change. This paper will focus on discussion of these problems and study on the triggering 
effect of mainshock on aftershocks based on tectonic stress state in study area. 

1 Focal parameters and crustal model 
1.1 Focal parameters 

The Tangshan earthquake occurred at the northern margin of the North China plain where 
seismic activities are active. The regional tectonics is characterized by faulting along a NNE 
trending right-lateral strike-slip fault (Chen and Nabelek, 1988). A great number of studies have 
been done about the Tangshan earthquake. The strike of the mainshock fault plane was estimated 
N20°~30°E from the studies of P wave first motion (ZHANG et al, 1980), P waveform fitting 
(Butler et al, 1979), and body wave inversion (ZHOU, 1985; Kikuchi and Kanamori, 1986; Na-
belek et al, 1987), and N40°E from the study of surface waveform fitting, and N50°~60°E from 
geodetic data inversion (CHEN et al, 1979; ZHANG, 1982). These results reflect the complexity 
of the Tangshan seismic rupture and seem to suggest that the rupture started from the southern 
segment with the strike of N20°~30°E, and then propagated to the northern segment with the 
strike of N50°~60°E. The study on aftershock distribution also shows that the aftershock zone can 
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be divided into two segments, the north and the south segments respectively (Shedlock et al, 1987). 
The strike of the south segment is N30°E, and the strike of north segment is N50°~60°E. The in-
tersection of the faults is under the city of Tangshan. According to the vertical displacement data, 
the boundary between northwest uplifting and southeast settlement also has a surface trace with a 
strike of 55° in north part of fault (ZHANG et al, 1980). XIE and YAO (1991) studied the results 
of Tangshan mainshock rupture mechanism synthetically and gave a rupture model with seven 
segments. They inverted the rupture process using body wave data and geodetic data (XIE and 
YAO, 1991). HUANG and Yeh (1997) also adopted a similar model in their finite element inver-
sion by using geodetic data and gave the similar result with XIE and YAO (1991). However, these 
inversion results showed slight decline of the northwest plate, which cannot explain the observa-
tion with uplifting in northwest and settlement in southeast. WAN et al (2008) inverted the pa-
rameters of strike, dip and location of these fault planes by using the precise populated earth-
quakes from double difference method and seismic wave data recorded by Digital Seismic Net-
work of Capital Area. According to direction and relative value of local stress field (XU, 1985), 
they also got the rake angle of each of the faults. Their model is more consistent with the direction 
of tectonic stress in study area. Although this model is different in dip direction with that of CHEN 
et al (1979), it also can explain the observation with uplift of the northwestern plate and settlement 
of the southeastern plate. Besides, by using the geodetic data, the model inverted by CHEN et al 
(1979) contained the aftershock effect, which is beneficial to study on the comprehensive effect of 
mainshock and aftershocks in short time but can not be used to study the influence of large after-
shocks caused by mainshock. Considering WAN et al’s model (WAN et al, 2008) can also be ex-
plained by geodetic data, we use the parameter of strike, dip, rake and location given by WAN et 
al (2008) to maintain the consistency of model selection. The slip values are calculated by using 
the seismic moment of two segments in main shock given by HUANG and Yeh (1997) (Table 1). 

Table 1 Fault rupture parameters of Tangshan mainshock and its two large aftershocks (WAN et al, 2008; 
HUANG and Yeh, 1997) 

Earthquake Strike/° Dip/o Rake/o Length/km Width/km Slip/m λE/° ϕN/° MS 

1 233 89 172 35 15 2.89 118.34 39.68 Mainshock 
2 210 74 174 29 15 3.93 118.09 39.44 

7.8 

Luanxian 92 37 −90 17 16 1.56 118.66 39.81 7.1 
Ninghe 299 61 −25 20 16 0.62 118.88 39.45 6.9 

 
According to Nabelek et al (1987), Luanxian earthquake, which occurred in the northeast of 

Tangshan mainshock, is a normal fault with EW strike, but Huang and Yeh (1997) selected the 
north-dipping fault plane in their simulation, which cannot explain the settlement of south plate, so 
we selected the south-dipping fault plane, which is consistent with settlement of south plate. The 
fault plane of Ninghe earthquake, which located in the southwest of mainshock, is a left-lateral 
strike-slip fault with slightly normal component according to Nabelek et al (1987). Since no other 
restriction could be found, we use the fault parameters given by HUANG and Yeh (1997). 

The fault parameters of Tangshan mainshock and two large aftershocks are listed in Table 1. 
According to the study of Shedlock et al (1987), the aftershocks occurred on faults are mostly 
within the depth of 7~22 km. The result is basically consistent with the depth of the fault plane 
inverted by using accurately located small earthquakes achieved by WAN et al (2008). So the top 
and width of fault are taken as 7 km and 15 km in this study.  

Although there is no obvious foreshock for this earthquake, there occurred a lot of aftershocks 
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in addition to the two above-mentioned large aftershocks. We collected all the aftershocks near the 
source from the time after Ninghe earthquake to September, 2005, deleted the earthquakes with zero 
depth which error may be bigger and drew the histogram of their depths (Figure 1). Great number of 
focal depths can be seen to be distributed within a depth range of 5~20 km. The average depth of the 
aftershocks is 12 km. So we calculated Coulomb failure stress change at the depth of 12 km to study 
the triggering effect of the earthquakes on their aftershocks. In addition, in order to calculate the 
triggering effect of the earthquakes on their aftershocks, we need to know the direction of tectonic 
stress field near the source. By using focal 
mechanism of Tangshan aftershocks, XU 
and WANG (1986) achieved the direction of 
the compression stress axis is N60°E and 
that of the extension stress is S30°E, both 
horizontal, which is used in our study on the 
triggering effect of Tangshan mainshock 
and two large aftershocks on other after-
shocks. Although the crust tectonic stress 
level is different with depth, we follow the 
simulation of the triggering effect of 
Landers earthquake on aftershocks by King 
et al (1994) and adopt tectonic stress level 
of 10 MPa to calculate Coulomb failure 
stress change evolution at specific depth. 
1.2 Crustal model 

The research of post-seismic deformation of Tangshan earthquake by LI et al (2005) shows 
large difference between the post-seismic deformation calculated in layered crustal medium and 
that in homogeneous elastic half-space medium. So it is necessary to study the interaction among 
earthquakes by using relatively accurate crustal model. By analyzing the seismic exploration re-
sults by LIU and JIA (1986), ZENG et al (1985) and inversion result by YU et al (2003), combin-
ing the velocity model under the seismic station by fitting the P wave and S digital seismic wave-
form by ZHANG et al (2001), we give the synthetic crust velocity model in Tangshan region (Ta-
ble 2). The layered crustal density model, which was used in source process determination with 
near source seismic records by ZHENG and YAO (1993), is adopted in this study. The viscous 
structure of the North China plate inverted by using finite element method and co- and post- seis-
mic horizontal and vertical deformation of Tangshan region in 1976~1985 given by SUN et al 
(1994) is also used in this study. We list the parameters of velocity, density and viscosity structure 
of crust in Table 2 with the profile of velocity and viscosity shown in Figure 2. 

Table 2 Crustal structure parameters in this simulation (ZHENG and YAO, 1993; SUN et al, 1994; ZHANG et al, 2001) 
No. Thickness/km vP/km⋅s−1 vS/km⋅s−1 Density/g⋅cm−3 Viscosity/Pa.s 

1 1.6 3.0 1.8 2.3 1.0×1030 
2 2.7 4.7 2.8 2.6 1.0×1030 
3 5.0 6.3 3.6 2.8 1.0×1030 
4 8.7 6.10 3.5 2.8 1.0×1030 
5 5.0 6.30 3.6 2.8 7.1×1018 
6 8.0 6.70 3.8 2.8 7.1×1018 
7 5.0 7.00 3.86 3.0 7.1×1018 
8 50.0 8.25 4.8 3.3 2.1×1019 

 

Figure 1 Depth distribution of aftershocks 
N stands for earthquake frequency 
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2 Methodology 
2.1 Coulomb failure stress change 

According to Coulomb failure criteria, shear fracture occurs on the fault when the shear stress 
reaches the frictional strength. We define the Coulomb failure stress change Δσf as (Harris, 1998; 

Stein, 1999): 
)( nsf pc Δ+Δ+Δ=Δ στσ          (1) 

Here, c is friction coefficient with the value of 
0.6~0.8 for most rocks. Δτs is the shear stress 
along the slip direction on the fault; Δσn and Δp 
are normal stress on fault plane and the change of 
the pore pressure in the crust respectively (positive 
for tension). Hence, Coulomb failure stress change 
is the integrated effects of shear stress and normal 
stress on fault plane and fluid pore pressure. If Δσf 
> 0, the stress change encourages the occurrence 
of subsequent earthquakes, otherwise, discourages 
the occurrence of earthquakes. 

In this study, by using the crustal model and 
seismic source model discussed above, the stress 
change of specified point is the summation of 
stress changes generated by each dislocation 
source in Maxwell visco-elastic medium by using 
program developed by ZENG (2001). The after-

shock focal mechanisms are needed to study whether Tangshan mainshock and two large after-
shocks encourage the occurrence of the following aftershocks. Firstly, we calculate the stress 
change tensor near the seismic source by using Zeng’s method (ZENG, 2001), then stack with the 
local the tectonic stress tensor (Assuming pressure principal stress direction is N60°E and exten-
sional principal stress direction is S30°E with the value of 10 MPa, XU and WANG, 1986) to 
achieve the total stress tensor at specific point, by which we calculate the two conjugate nodal 
planes with maximum shear stress. Choose the one that has the minimum angle with the fault 
plane of Tangshan mainshock as the fault plane of aftershock at the study point, and assuming that 
the direction of the maximum shear stress of the complete stress tensor at the study point on the 
fault surface is its slip direction; we get the rake angle of fault plane. Then the Coulomb failure 
stress change can be calculated by projecting the stress change tensor caused by co-seismic rup-
ture and the underground visco-elastic relaxation onto this fault surface and its slip direction as in 
equation (1). 
2.2 Modification of the neighbor pore pressure and elastic constant of the earthquake 

fault surface 
Many previous studies attempted to cover the influence of the pore fluid pressure in the fixed 

apparent coefficient of the friction (King et al, 1994). In our study, we consider that the pore fluid 
pressure and the elastic constant at the seismic source are different from those of the surrounding 
medium. In Maxwell body study, viscous and elastic effects obey their own constitutive law and 
can be calculated separately. Within the neighbor of the seismic fault surface, we can revise the 

 
Figure 2 Crustal velocity and viscous struc-

ture model in Tangshan earthquake 
focal area 



No.6   WAN Yong-ge et al: VISCO-ELASTIC STRESS TRIGGERING MODEL OF TANGSHAN EVENT  591

stress change caused by seismic rupture and visco-elastic relaxation by using the interactive rela-
tionship between elastic medium and fluid pore pressure. 

The relation between stress and strain in elastic medium can be expressed as 

 ⎥
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among which ε refers to the strain, σ to stress , λ and μ to Lamé constant, μ also called shear 
modulus , δij to Kronecker δ, εij=1, i=j; εij =0, i≠j. 

Equation (2) can be converted as follows. 
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where K is the body modulus. We assume that directions 1 and 2 indicate the two orthogonal di-
rections on the fault plane, and direction 3 indicates the direction vertical to the fault plane. Ac-
cording to the relation between the strains and stresses of the fault zone and its surrounding area 
given by Rice (1992), the strains in the two directions on a fault plane are the same as those in the 
surrounding area, i. e., ε11=ε ′11, ε22=ε ′22; the normal stress vertical to the fault plane in the focal 
area is the same as that in the surrounding area, i. e., σ33=σ ′33 (the stress, strain, elastic constant 
and Lamé constant on the fault plane are represented respectively by σ ′, ε ′, K′, μ′ and λ′, while 
those in the surrounding area are represented respectively by σ, ε, K, μ and λ, and the same is ap-
plicable hereafter). Thus, we obtain 
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And the relation between the pore pressure change and the mean principal stress (Rice, 1992) 
is 
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Where Δp′ is the pore fluid pressure change near the fault plane, and B′ is the Skempton constant 
near the fault plane. Introducing equation (4) into equation (5), we get 
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where Δσkk is the sum of diagonal elements of the stress change tensor , Δσ33 is the normal stress 
change on the fault plane. The equation demonstrates that the pore pressure change depends on the 
changes of the mean stress and the stress vertical to the fault plane. 

According to the relation among the velocity of the S wave vS, elastic constant μ and density 
ρ, we get 
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where vS and ρ are the S wave velocity and density inside the fault plane, and vS′ and ρ′ are the S 
wave velocity and density outside the fault plane. 

If the density variation of the focal area and the surrounding crustal medium is not large, then 
we get 
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We estimated the possible values of the elastic constant of the fault zone by the variation of 
the seismic wave velocity. And as for the study of the inner structure of the fault zone, the trapped 
wave study will provide more constraints on the elastic constant in the focal zone (LI et al, 1990, 
1994). LI et al (1990) developed the failure density and the S wave velocity model of the Orovile 
fault zone in California from body wave travel time modeling. Their result shows that the S wave 
velocity in the fault zone is slower than that in the surrounding crust by 50%, and the crack density 
in the focal area seems higher than that in the surrounding area. LI et al (1994) pointed out, in a 
further study, that the S wave velocity in the fault zone was approximately 50%~70% of that in 
the surrounding area. We adopted the upper limit for the sake of assurance. So from equation (8) 
we derived that the rigidity ratio μ′/μ was 0.49, and the rigidity decreased in the fault area 
(μ−μ′)/μ was 0.51. 

Supposing that the surrounding crust is Poisson body, K′=K=5μ/3, then 
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And as for area far away from the fault 
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By introducing the parameters obtained into equation (6), considering the above supposition 
that the S wave velocity is 70% of that in the surrounding area, we get 
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Thus we get the relation between the change of the pore fluid pressure in the focal area and 
the stress change caused by the earthquake. And the Coulomb failure stress change surrounding 
the seismic fault can be calculated by the following equation derived from equation (1),
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According to Cocco and Rice (2002), we take B′= 0.47, c′= 0.75, which corresponds to ap-
parent coefficient of the friction c as 0.4 (King et al, 1994). These values will be adopted in the 
following calculation.  
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The Coulomb failure stress change within 10 km from the fault plane is calculated by equa-
tion (13), and that far away from the fault is calculated in the traditional method.

 3 Simulation result 
3.1 Triggering effect of Tangshan mainshock on two large aftershocks  

According to the source parameters listed in Table 1 and the crust structure parameters listed 
in Table 2, and calculation method of Coulomb failure stress change stated above, we calculated 
Coulomb failure stress change at the location of Luanxian earthquake occurred 17 hours later 
caused by Tangshan mainshock, and that at the location of Ninghe earthquake occurred on No-
vember 15 caused by Tangshan mainshock and Luanxian aftershock, as shown in Figure 3. It is 
obvious that the occurrence of Luanxian earthquake is driven by Coulomb failure stress change 
with the value of 0.05~0.2 MPa caused by Tangshan mainshock. The occurrence of Ninghe earth-
quake is driven by Coulomb failure stress change of 0.2 MPa caused by Tangshan mainshock and 
Luanxian aftershock. This is consistent with the results of the previous study that mainshock trig-
gered Luanxian earthquake (WAN et al, 2000; Robinson and ZHOU, 2005) and Tangshan main-
shock and Luanxian aftershock triggered Ninghe earthquake (Robinson and ZHOU, 2005). How-
ever, result in his study has considered the visco-elastic relaxation effect and the vertical inhomo-
geneous medium structure and the parameters chosen are more practical, which is, therefore, more 
consistent with actual underground situation. As for the stress triggering of Luanxian earthquake 
by Tangshan mainshock, viscous relaxation effect is not obvious because the time interval is short, 
but in that of Ninghe earthquake caused by Tangshan mainshock and Luanxian aftershock, which 
has a time interval of 110 days, comparing the result of elastic stress triggering (White dotted lines 
in Figure 3b), most absolute Coulomb failure stress changes increase in numerical value, though 
not very obviously in the Figure 3b. 

 

Figure 3 Coulomb failure stress change projected on Luanxian aftershock′s (a) and Ninghe after-
shock′s (b) fault plane and slip direction generated by the previous earthquakes 
White thick lines stand for rupture traces of Tangshan mainshock. Green thick ones are rupture traces of 
Luanxian aftershock (a) and Ninghe aftershock (b) respectively. Dash white lines stand for the result calcu-
lated from elastic model  
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3.2 Triggering effect on follow -up aftershocks by Tangshan mainshock and two large aftershocks 
In order to study the influence on follow-up aftershocks produced by Tangshan mainshock 

and two large aftershocks, we divided the period from the occurrence time of Ninghe earthquake 
to January, 2006 into 10 intervals, with about 2.8 years in each time interval and compared the 
Coulomb failure stress change in each interval with the corresponding seismicity. And the simula-
tion results are shown in Figure 4. 

In Figure 4, we can see that most of absolute Coulomb failure stress changes increase gradu-
ally with time lapses and is more obvious in the initial 10 years after the earthquakes, then attenu-
ating gradually with time. This is in accordance with the relaxation process of visco-elastic me-
dium of Maxwell body. Particular attention should be paid to the fact that the positive Coulomb 
failure stress change area in south-east extension direction of Ninghe earthquake is small at the 
initial intervals after the earthquakes and then becomes larger with the time lapses, turning the 
shadow zone of Coulomb failure stress change into triggering one eventually. This phenomenon 
has been verified in the research by Freed and LIN (2001) and ZENG (2001). 

There occurred a large number of aftershocks in northeast, southeast and southwest petal of our 
calculated stress triggering region. But only a few aftershocks occurred in the northwest petal, espe-
cially at the final intervals. There are a few aftershocks occurred in shadow zone, especially in the 
east and south parts of shadow zone. The aftershocks occurred in east shadow zone might be related 
to the inaccuracy of fault model, which is to be revised by using more accurate rupture model of this 
earthquake sequence. The seismicity in other shadow zones is much lower than that of stress trig-
gering zone. In addition, most of the absolute Coulomb failure stress change increase gradually with 
time while seismicity of aftershocks comes down gradually according to Omori law, but the spatial 
distribution of aftershocks fits the petal of Coulomb failure stress change. Generally speaking, 95% 
of the aftershocks occurred in the positive Coulomb failure stress change region, which illuminating 
that our model is basically correspond to the actual incidence rate of aftershocks. 

4 Discussion and conclusions 
We have calculated the influence on Luanxian aftershocks caused by Tangshan mainshock and 

the influence on Ninghe aftershock caused by Tangshan mainshock and Luanxian aftershock. Our 
results show that the two largest aftershocks both occurred in the region with positive Coulomb 
failure stress change caused by the previous earthquakes. This shows that the locations of the large 
aftershocks could be predicted if the Coulomb failure stress change around Tangshan earthquake 
region could be calculated immediately after the mainshock. Yet the key point in calculation is the 
rapid determination of the fault orientation and rupture distribution of the mainshock, which is 
likely to be realized with the widely deploying of the modern digital seismic network at present. 
However, the calculation also needs the details of the fault on which large aftershocks could occur. 
For Anatolia fault, after a large earthquake occurred, the future earthquake focal mechanism can be 
reasonably assumed (Nalbant et al, 1998). As for the situation of the Tangshan earthquake sequence, 
the focal mechanism of Ninghe earthquake could be achieved by geological fault survey, but that of 
Luanxian aftershocks is unknown though its mechanism is consistent with geological structure. 

According to stress direction in Tangshan earthquake region by XU and WANG (1986) and 
the assumption of the tectonic stress value as 10 MPa, we calculated the Coulomb failure stress 
change generated by Tangshan mainshock and two largest aftershocks by using layered 
visco-elastic model and compared it with the aftershocks locations at each interval. The results 
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show that 95% of the aftershocks occurred in the region with positive Coulomb failure stress 
change, indicating that the future development trend of the aftershocks could be predicted if the 
rupture distribution and mechanisms of the mainshock and large aftershocks be rapidly determined. 

 
Figure 4 Coulomb failure stress change evolution generated by Tanshan mainshock and its two large 

aftershocks and corresponding aftershocks at different intervals, 2.8 years for each interval 
‘o’ stands for aftershocks at each interval. White lines are rupture traces of mainshock and two large after-
shocks. (a) Tangshan mainshock—1979.379; (b) 1979.379~1982.179; (c) 1982.179~1984.979; (d) 
1984.979~1987.779; (e) 1987.779~1990.580; (f) 1990.580~1993.380; (g) 1993.380~1996.180; (h) 
1996.180~1998.981; (i) 1998.981~2001.781; (j) 2001.781~2004.581; (k) 2004.581~2006.100 
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In the calculation of triggering effect on aftershocks generated by Tangshan mainshock and 
two large aftershocks, we assumed that tectonic stress value is 10 MPa. If this value is changed, 
the pattern of Coulomb failure stress change would be changed a certain degree near the fault 
plane of main shock, but the pattern of Coulomb failure stress change would not be changed far 
away from the fault. This is because the mainshock has little effect on direction of the stress field 
far away from the fault. 

Considering the uncertainty of the fault rupture zone, we assumed a neighbor area of 10 km 
around the fault plane as one where pore fluid pressure and medium elastic constant would be 
changed by the rupture of fault, and the different distance of this value would not change the pat-
tern of Coulomb failure stress change. In this study, we researched Coulomb failure stress change 
by considering a variety of known factors, yielding a triggering rate of 95% for aftershocks. Our 
study provided a possible and significant reference to the seismic stress triggering study from a 
comprehensive point of view.  
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