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In April 2015, a M7.8 earthquake occurred less than onemonth before aM7.3 earthquake near Kodari, Nepal.TheNepal earthquake
sequences also include four larger (M > 6) aftershocks. To reveal the interrelation between the main shock and the aftershocks,
we check the role of coseismic coulomb stress triggering on aftershocks that follow the M7.8 main shock. Based on the focal
mechanisms of the aftershocks and source models of the main shock, the coulomb failure stress changes on both of the focal
mechanism nodal planes are calculated. In addition, the coulomb stress changes on the focal sources of each aftershock are also
calculated. A large proportion of the M > 6 aftershocks occurred in positive coulomb stress areas triggered by the M7.8 main
shock. The secondary triggering effect of the M7.3 aftershock is also found in this paper. More specifically, the M7.3 aftershock
promoted failure on the rupture plane of the M6.3 aftershock. Therefore, we may conclude that the majority of larger aftershocks,
which accumulated positive coulomb stress changes during the sequence, were promoted or triggered by the main shock failure. It
suggests that coulomb stress triggering contributed to the evolution of the Nepal M7.8 earthquake sequence.

1. Introduction

The2015 NepalM7.8 earthquake occurred as a result of thrust
faulting near themain frontal thrust interface systembetween
the subducting India plate and the overriding Eurasia plate
to the north. The epicenter, size, and focal mechanism of
the M7.8 earthquake are consistent with its occurrence on
the detachment associated with the Main HimalayanThrust,
which defines the subduction thrust interface between the
India and Eurasia plates (Figure 1). This event was followed
by many aftershocks, the largest being an M7.3 earthquake
on May 12, 17 days after the main shock. The M7.3 aftershock
was located 150 km to the east, which ruptured much of the
detachment between these two strong earthquakes. Among
the aftershocks, there are four larger (M > 6) earthquakes.

After the great earthquake, there is often accompanied
with a large number of aftershocks. What is the interrelation
and interaction between the main shock and aftershocks?
Aftershock activities may be promoted or triggered when
the coulomb stress on the fault plane is increased by as
little as 0.1 bar [1]. A small increase in coulomb failure stress

due to the earlier shock activity can trigger subsequent
aftershocks [2]. For the coulomb stress triggering, the elastic
displacement model was established in 1990s [3]. Based on
the elastic displacement model of great earthquakes, the
coulomb failure stress changes on the receiver fault planes can
be calculated and investigated. Researches on coulomb stress
triggering in recent years show that the main earthquake
could change the coulomb stress on the nearby faults plane
and then make the aftershocks easy to occur or delayed
to occur [4]. Here we investigate whether the calculating
coulomb stress change from themain shockmay have caused
the cascading failure that triggers the subsequent aftershock
sequence.

Previous studies of many earthquake cases show that
the increased area of coulomb failure stress is obviously
conducive to the subsequent aftershock occurrence but the
decreased area is not conversely [5]. Based on the source
models of the Nepal M7.8 earthquake, the static coulomb
failure stress changes induced by the M7.8 main shock are
calculated. Then we discuss the relationship between the
coseismic coulomb stress changes and the aftershocks.
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Figure 1: The epicentral region of the 2015 Nepal M7.8 earthquake sequence. At the location of this earthquake, the India plate is converging
with Eurasia at a rate of 45mm/yr towards the north-northeast, driving the uplift of the Himalayan mountain range (modified from USGS
[6]).

In this paper, by using the Coulomb 3.3 program [4],
which implements the elastic half space of Okada [3], we cal-
culate the coulomb stress changes due to the main shock and
investigate whether theM7.8 earthquake is responsible for the
subsequent aftershock events. We also calculate the coulomb
stress changes on the hypocenter of each aftershock. These
analysis provide insight into whether the M7.8 earthquake
results in a coulomb stress change that promotes failure of
the subsequent aftershock sequence along the main thrust
interface system.

2. Coulomb Stress Triggering Principle

Thebrittle failure of rock is due to the combination of normal
and shear stress conditions according to the Coulomb-Mohr
failure criterion [9]. The coulomb stress changes caused by
the earlier earthquake can explain the epicenter location of
aftershocks [10, 11]. The aftershocks probably occur in that
locationwhere the coulomb stress exceeds the failure strength
of the fault surface. We can assume that the fault plane is
developed in the rock and the internal friction coefficient will
not changewith time.Then, the fault planewill generate shear
failurewhen the shear stress (𝜏) reaches the frictional strength
(𝜏𝑓). Harris [12] defined (𝜏 − 𝜏𝑓) as Coulomb failure stress
(CFS):

CFS = 𝜏 − 𝜏𝑓 = 𝜏 − 𝑠 − 𝜇 (𝜎𝑛 − 𝑝) , (1)

where 𝑠 is cohesion and 𝜇 is internal friction coefficient,
respectively. 𝜎𝑛 is normal stress on the fault plane and 𝑝 is
pore pressure, respectively [5]. Then the change of coulomb
failure stress is defined as follows:

ΔCFS = Δ𝜏 + 𝜇 (Δ𝜎𝑛 − Δ𝑝) , (2)

where Δ𝜏 is the shear stress in the direction of slip on the
receiver fault plane. Δ𝜎𝑛 is the normal stress change (positive
for extension). Δ𝑝 is the pore pressure change, and 𝜇 is the
coefficient of friction, which ranges from 0.6 to 0.8 for most
intact rocks [12]. Assuming the medium is homogeneous
and isotropic, and the pore pressure change is related to the
normal stress, so the above formula can be transformed into
[5]

ΔCFS = Δ𝜏 + 𝜇Δ𝜎, (3)

where 𝜇 = 𝜇(1 − 𝛽) is the apparent coefficient of friction.
𝛽 is the Skempton’s coefficient, which describes the change
in pore pressure that results from a change in an externally
applied stress and often ranges in value from 0.5 to 1.0 [13, 14].
The theoretical range of the apparent coefficient of friction is
from 0 to 0.8 but is typically found to be around 0.4 [12, 15].
This value is commonly used in calculations of coulomb stress
changes to minimize uncertainty [16]. Previous researchers
adopted deduced values of 0.2 ≤ 𝜇 ≤ 0.75 to calculate the
coulomb failure stress changes, such as the 1979 Homestead
Valley [17], 1984 Morgan Hill [18], 1987 Superstition Hills
[19], and 1989 Loma Prieta earthquakes [10]. In this study,
we examined 𝜇 = 0.2, 0.4, 0.6, and 0.8, respectively. We
found that the coulomb failure changes only in detail with
three different values, which is consistent with previous
conclusions. So we take the calculation results with 𝜇 = 0.4
for the following analysis and discussion.

The strong earthquake could reduce the accumulated tec-
tonic stress on the whole but result in partial stress increases
that will trigger subsequent earthquakes. Aftershock activi-
ties are promoted when a fault plane or specified nodal plane
experiences a stress increase, especially the increased value
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Figure 2:The sourcemodels of the NepalM7.8 earthquake (unit: m). (a) is the finite fault model given by GavinHayes [7]; (b) is the kinematic
rupture model inverted by Han Yue [8].

exceeds the assumed threshold value of 0.1 bar [1]. It means
that the fault plane is near failure before the earthquake
since the threshold is relatively low [20]. Based on the failure
theory above, we study whether the aftershock activities
occurred in regions of stress increase.The DislocationTheory
demonstrates the interrelation between the stress field on
the discontinuous plane and surrounding around in the
continuous medium. Based on the geometric parameters of
earthquake dislocation plane, we can calculate the coulomb
failure stress in the elastomer’s interior [5]. In this study, we
examine the coulomb failure stress changes caused by the
M7.8 Nepal earthquake and reveal its triggering effect to the
aftershocks with M > 6.

To calculate the reliable coulomb failure stress changes,
we need to build a more realistic finite fault failure model. To
compare the calculation results of the coulomb stress changes,
we adopt two source models that had been inverted with
different inversion techniques.

The first source model is inverted from Global Seis-
mic Network (GSN) broadband waveforms by Gavin Hayes
(Figure 2(a)) [7, 21]. Gavin Hayes had used GSN broad-
band waveforms downloaded from the National Earthquake
Information Center (NEIC) waveform server and analyzed
42 teleseismic broadband 𝑃 waveforms, 15 broadband SH
waveforms, and 62 long period surface waves selected based
on data quality and azimuthal distribution. Waveforms were
first converted to displacement by removing the instrument
response and then used to constrain the slip history using a
finite fault inverse algorithm [22].

The second source model is given by Yue Han by explor-
ing both a regularized multi-time-window approach and an
unsmoothed Bayesian formulation (Figure 2(b)) [8, 23]. Yue
Han had used a variety of datasets including teleseismic body
wave records, static and high rateGPS observations, synthetic
aperture radar (SAR) offset images, and interferometric SAR

(InSAR). InSAR interferograms from ALOS-2, RADARSAT-
2, and Sentinel-1a satellites were used in the joint inversion.

The two kinds of models are different in details, but they
both show that the general azimuth of the fault plane is
approximately consistent. Both of the results show that the
Nepal M7.8 earthquake is characterized by unilateral rupture
extending along strike direction approximately 70 km to the
southeast and 40 km along dip direction. As shown in Fig-
ure 2, the different color indicates the amplitude of slip. The
deeper the color, the greater the amount of the slip. For the
M7.8 main shock, the strike of the fault rupture plane is 295∘
and the dip is 10∘ NNE. The rupture surface is approximately
220 km along strike and 180 km along downdip. The seismic
moment release based upon this plane is 8.1𝑒 + 27 dyne⋅cm.

3. Coulomb Stress Changes Derived on
Assumed Rupture Planes

We collect the focal mechanisms of four M > 6 aftershocks
from U.S. Geological Survey (USGS). Based on the source
models of Gavin Hayes and Han Yue, with the Coulomb 3.3
program, we calculate the coulomb stress changes on both
nodal planes of the high-quality focal mechanism solutions
in their rake directions (Figures 3 and 4). The calculation
of coulomb stress changes on the nodal planes of aftershock
focal mechanism solutions is a direct application of the
coulomb hypothesis.

The theory of stress triggering demonstrates that the
receiving faults describe the comprehensive features of
the areal faults. Different receiving faults reflect different
responses of coulomb failure stress produced by the main
shock. In this study, we use the nodal planes of the four
M > 6 aftershocks from USGS and CMT. We consider both
of the nodal plane of each aftershock as the receiving faults
to make sure that there are no omissions. Thus, we calculate
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Figure 3: Continued.
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Figure 3: Coulomb stress changes on both nodal planes of 4M > 6 aftershocks triggered by the 2015 Nepal M7.8 earthquake based on
Gavin Hayes’s finite fault model (unit: bar). (a) 2015-04-25, M6.6, nodal plane: 271, 21, 64, depth: 10.0 km; (b) 2015-04-25, M6.6, nodal plane:
119, 71, 100, depth: 10.0 km; (c) 2015-04-26, M6.7, nodal plane: 285, 12, 94, depth: 22.9 km; (d) 2015-04-26, M6.7, nodal plane: 100, 78, 89,
depth: 22.9 km; (e) 2015-05-12, M7.3, nodal plane: 303, 9, 110, depth: 15.5 km; (f) 2015-05-12, M7.3, nodal plane: 102, 82, 87, depth: 15.5 km; (g)
2015-05-12, M6.3, nodal plane: 274, 14, 89, depth: 15.5 km; (h) 2015-05-12, M6.3, nodal plane: 95, 76, 90, depth: 15.5 km.

the coulomb stress change on the nodal plane that is most
consistent with the orientation of rupture for the four larger
aftershocks.

We assume that the model is a half-space elastic medium,
and the Young’s modulus is 8.0 × 105 bar.The Poisson’s ratio is
0.25 and the effective friction coefficient is 0.4. The coulomb
failure stress, produced by the Nepal M7.8 main shock on the
rupture surface and focal depth of the aftershocks, is essential
for us to explore the causes of the larger aftershocks.

Figure 3 shows the coulomb failure stress produced by
the Nepal M7.8 earthquake on both nodal planes of the
four M > 6 aftershocks based on Gavin Hayes’s finite fault
model. Figures 3 and 4 for each aftershock are different in
detail due to representing two different nodal planes. Among
the four M > 6 aftershocks, three of them occurred in the
increased coulomb stress area. Conversely, the M7.8 exert a
negative coulomb stress change on both of the nodal planes
for the M6.6 aftershock. Overall, we observe that most of the
aftershocks experience positive coulomb stress change that
would promote or trigger failure.

Figure 4 demonstrates the coulomb failure stress caused
by the Nepal M7.8 earthquake on both nodal planes of the
four M > 6 aftershocks based on Yue Han’s kinematic
rupture model. As shown in Figure 4, the coulomb stress
changes are quite different with Figure 3. However, there
are at least two aspects in common. Firstly, there occurs a
negative coulomb stress zone with a NW-SE direction near
the M7.8 earthquake epicenter. In general, a large-magnitude
earthquake decreases the stress along a fault. Secondly, three
of the M > 6 aftershocks occurred in the positive coulomb
stress area, which is consistent with the calculation results in
Figure 3. In summary, we can conclude thatmost of theM > 6
aftershocks occurred in the area of increased coulomb stress.

We can also make a further inference that most of the M > 6
aftershocks are triggered by the M7.8 earthquake.

It should be noted that both of the M7.3 and M6.3
aftershocks occurred onMay 12, 2015.TheM7.3 earthquake is
31 minutes earlier than the M6.3 event. The M6.3 aftershock
epicenter lies 22 km to the south of the M7.3 earthquake.
So, we were wondering if the M6.3 aftershock is promoted
or triggered by the M7.3 earthquake. Based on the source
modes of M7.3 earthquake inverted by Gavin Hayes and
Han Yue, we also calculate the coulomb stress changes on
both nodal planes of the M6.3 aftershock (Figures 5 and
6). We find that the coulomb stress change at the location
of the M6.3 aftershock is consistent with triggering by the
M7.3 earthquake. It means that both of the M7.8 and M7.3
earthquake promote or trigger the M6.3 aftershock.

4. Coulomb Stress Changes Estimated on
the Focal Source

In this section, we also calculate the coulomb stress changes
on the focal source inside the crust. The coulomb stress
changes at the source point could be more accurate and
appropriate to explain the stress triggering effect. Since the
earthquake location accuracy is relatively low and the results
of focal mechanism solutions given by different research
institutes are different in details, we collect the USGS data
to calculate the stress changes triggered by the M7.8 main
shock (Table 1). Apart from this calculation, we also calculate
the stress changes in the focal source of the M6.3 aftershock
triggered by the M7.3 earthquake (Table 2). We can find that
the coulomb stress changes greatly due to the stress triggering
effect. For theM6.6 aftershock, the coulomb stress changes on
the focal source decreased 3.1 bar and 4.2 bar based on Gavin
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Figure 4: Continued.
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Figure 4: Coulomb stress changes on both nodal planes of 4M > 6 aftershocks triggered by the 2015 Nepal M7.8 earthquake based on Han
Yue’s kinematic rupture model (unit: bar). (a) 2015-04-25, M6.6, nodal plane: 271, 21, 64, depth: 10.0 km; (b) 2015-04-25, M6.6, nodal plane:
119, 71, 100, depth: 10.0 km; (c) 2015-04-26, M6.7, nodal plane: 285, 12, 94, depth: 22.9 km; (d) 2015-04-26, M6.7, nodal plane: 100, 78, 89,
depth: 22.9 km; (e) 2015-05-12, M7.3, nodal plane: 303, 9, 110, depth: 15.5 km; (f) 2015-05-12, M7.3, nodal plane: 102, 82, 87, depth: 15.5 km; (g)
2015-05-12, M6.3, nodal plane: 274, 14, 89, depth: 15.5 km; (h) 2015-05-12, M6.3, nodal plane: 95, 76, 90, depth: 15.5 km.
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Figure 5: Coulomb stress changes on both nodal planes of M6.3 aftershock triggered by M7.3 earthquake based on Gavin Hayes’s finite fault
model (unit: bar). (a) Nodal plane: 274, 14, 89, depth: 15.5 km; (b) 95, 76, 90, depth: 15.5 km.

Hayes’s model. It decreased 6.1 bar and 4.4 bar, respectively,
based on Han Yue’s mode, which agrees well with the results
in Section 3. For the other three M > 6 aftershocks,
the coulomb stress changes on both fault planes increase
at varying degrees. The results indicate that most of the
aftershocks were triggered by the coulomb stress produced
by the M7.8 main shock. In addition, the M7.3 aftershock also
promotes or triggers the occurrence of the M6.3 event.

5. Discussion and Conclusions

In this study, the interaction between the Nepal M7.8 main
shock and other M > 6 aftershocks was analyzed with the

static stress triggering approach. It should be noted that the
occurrence of an earthquake is controlled by many factors,
amongwhich the geodynamic background is themost impor-
tant. It is difficult to explain the complex geological phe-
nomenon only by a model or theory. The original intension
of this study is to provide a more reliable seismic hazard
assessment in the Nepal earthquake zone by considering the
interaction of the earthquake sequences.

In this paper, we only analyzed the stress triggering effect
of 4 larger aftershocks and did not investigate the other
minor aftershocks. The calculation results demonstrate that,
depending on two kinds of source models, three in four M >
6 aftershocks received a positive coulomb stress contribution
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Figure 6: Coulomb stress changes on both nodal planes of M6.3 aftershock triggered by M7.3 earthquake based on Han Yue’s kinematic
rupture model (unit: bar). (a) Nodal plane: 274, 14, 89, depth: 15.5 km; (b) nodal plane: 95, 76, 90, depth: 15.5 km.

Table 1: The basic parameters of the aftershocks and coulomb stress calculation results.

Aftershock Coordinates (∘) Depth (km) Fault plane (∘)
Coulomb stress changes
based on Hayes’s model

(bar)

Coulomb stress changes
based on Yue’s model (bar)

M6.6 28.224 10.0 271,21,64 −3.109 −6.183
84.822 119,71,100 −4.278 −4.407

M6.7 27.771 22.9 285,12,94 3.259 5.777
86.017 100,78,89 3.771 6.367

M7.3 27.809 15.5 303,9,110 6.735 2.800
86.066 102,82,87 1.928 4.688

M6.3 27.625 15.5 274,14,89 0.641 3.440
86.162 95,76,90 0.620 4.295

from theM7.8 main shock.The stress triggering effect may be
magnitude-dependent. Steacy et al. determined that 100% of
M ≧ 5.5 and 88% of M ≧ 5 aftershocks in the first 2 years
of the sequence occurred in positive stress lobes of the main
shock [24].

As for the stress triggering theory, there are many
unquantifiable uncertainties. The uncertain model param-
eters may affect the calculation results. These parameters
include the nodal plane uncertainties, the rigidity, and the
stress drop. Data uncertainties are the biggest obstacle to
determine quantitatively whether the coulomb stress triggers
aftershocks in an earthquake sequence. Our results of post-
Nepal M7.8 earthquake stress change is similar to the post-
seismic stress change obtained by Lei et al. [25] and Xiong et
al. [26] using same values for the coefficient of friction. Both
of these studies predict stress evolution in the main frontal
thrust interface system close to that of our results.

Based on the seismic stress triggering theory and elastic
dislocation theory, firstly, the coulomb stress changes trig-
gered by theNepalM7.8 earthquake andM7.3 aftershockwere
calculated. Secondly, the interrelationship among the Nepal
earthquake sequence was analyzed and the influence of the
M7.8 main shock on the aftershocks distribution was also
discussed. Thirdly, the coulomb stress changes on the focal

source of each aftershock caused by theM7.8main shockwere
further studied. Main conclusions of this study are derived:

(1) TheM > 6 aftershocks distribution are well explained
by the seismic coulomb stress changes caused by
the Nepal M7.8 main shock. Three in four M > 6
aftershocks occurred in the positive coulomb stress
area.

(2) Based on the focal mechanism solutions from USGS,
the coulomb stress increment in the focal source of
theM > 6 aftershocks is about 0.620–6.367 bar except
the M6.6 aftershock. The coulomb stress change for
the M6.3 aftershock is about 0.1–0.312 bar induced
by the M7.3 earthquake. These possible coulomb
stress changes are larger than the threshold of stress
triggering. Therefore, the occurrence of the M > 6
aftershock is probably effectively promoted by the
Nepal M7.8 main shock.
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Table 2: The stress changes result of the M6.3 aftershock triggered by the M7.3 earthquake.

Earthquake Coordinates (∘) Depth (km) Fault plane (∘)
Coulomb stress changes
based on Hayes’s model

(bar)

Coulomb stress changes
based on Yue’s model (bar)

M6.3 27.625 15.5 274,14,89 0.057 1.215
86.162 95,76,90 0.100 1.312
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[24] S. Steacy, A. Jiménez, and C. Holden, “Stress triggering and the
Canterbury earthquake sequence,”Geophysical Journal Interna-
tional, vol. 196, no. 1, pp. 473–480, 2014.



10 International Journal of Geophysics

[25] D. Lei, C. Lian, and Y. Qiao, “The Coulomb Stress Change of
Mw 7. 8 Earthquake in Lamjung, Nepal, April 25th, 2015,” 2015.

[26] W. Xiong, K. Tan, G. Liu, and Z.-S. Nie, “Coseismic and
postseismic Coulomb stress changes on surrounding major
faults caused by the 2015 Nepal MW7.9 earthquake,” Chinese
Journal of Geophysics-Chinese Edition, vol. 58, no. 11, pp. 4305–
4316, 2015.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Climatology
Journal of

Ecology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Earthquakes
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Applied &
Environmental
Soil Science

Volume 2014

Mining

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

 International Journal of

Geophysics

Oceanography
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

  Journal of 
 Computational 
Environmental Sciences
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of
Petroleum Engineering

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Geochemistry
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Atmospheric Sciences
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oceanography
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mineralogy
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Meteorology
Advances in

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Paleontology Journal
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Geological Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Geology  
Advances in


