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ABSTRACT: The distribution and type of slope failures and other geological effects of the
2013 earthquake, mapped through field and remote sensing surveys soon after the event, have
been utilized to estimate the epicentral intensity and draw some isoseismals based on the ESI
scale that is based only on the environmental effects of earthquakes, hence very helpful in
sparsely inhabited regions to complement the macroseismic intensity field. The resulting epi-
central ESI intensity for the Lushan 2013 event is X, therefore one degree higher than the
Chinese macroseismic intensity. In general, the ESI isoseismals show an elliptical shape cen-
tered on the Shuangshi - Dachuan Fault, comparable to the macroseismic ones; a wide north-
east lobe, likely due to local conditions, is under investigation.

1 INTRODUCTION

On April 20, 2013, a strong earthquake hit the Lushan County in the Sichuan Province
of China (Mw 6.6 to 6.9, Ms 7.0, focal depth 13 km). The epicenter, about 120 km
southwest of Chengdu, the capital of Sichuan, between the towns of Longmen, Baosheng
and Taiping (30.3°N, 103.0°E), was located toward the southwestern tip of the Long-
menshan Fault Zone (LMSFZ) (Xu et al. 2013a), about 85 km south-southwest of the
great May 12, 2008, Wenchuan Ms 8.0 earthquake (Yin et al. 2014), being possibly its
strongest aftershock (Zhu 2016). The LMSFZ is made of a number of northeast-trending
subparallel faults, with prevailing reverse and right-lateral kinematics. Despite the sparse
population and its relatively moderate magnitude, the earthquake caused serious damage
(Peng et al. 2014), killing at least 196 people; 21 people went missing and nearly 14,000
were injured. Overall, the event affected more than 2 million people, over a region of
almost 12,000 km2 (Chang et al. 2016; Cui et al. 2013; Liu et al. 2013, 2014). The direct
economic losses amounted to 10 billion RMB (Fang et al., 2013). Its macroseismic inten-
sity was estimated by the China Earthquake Administration (CEA) to IX, according to
the Chinese twelve degrees seismic intensity scale (Chen et al. 1999). The meizoseismal
area is represented by a mountain environment with steep unstable slopes and deep and
narrow valleys, very prone to slope failures. Therefore, a great deal of secondary geo-
logical phenomena, especially rock slides and falls, topples, landslides, debris flows, were
triggered (Yin et al. 2014; Xu et al. 2015).
The Lushan Earthquake occurred (Figure 1) in a section of the Longmenshan Fault Zone

(Shuangshi – Dachuan Fault) recurrently reactivated, as proven by the many historically large
earthquakes (Xu et al. 2013a). Actually, the precise source fault of the Lushan event of 2013 is
still debated. The field surveys right after the event found some minor surface ruptures (Han
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et al. 2013), but not any unequivocal evidence of surface faulting. Thus, other authors con-
sider this a typical blind reverse fault earthquake (Hong et al. 2013; Xu et al. 2013b).
In China, at present, the macroseismic intensity is mainly evaluated according to the Chinese

seismic intensity scale (Chen et al. 1999), similar in principle to the most common intensity
scales applied worldwide, as the Mercalli Modified (MM) and EMS-98 (Grünthal 1998), all
largely based on effects and damages to manmade structures (e.g., Musson et al. 2009).
Nevertheless, for areas where the population is scarce or the seismic intensity reaches degree
IX or more, the above traditional scales become more subjective and less precise/reliable, so
that a complementary seismic intensity evaluation method, the Environment Seismic Inten-
sity (ESI) Scale based on earthquake environmental effects (EEEs), was introduced (Michetti
et al. 2007; Serva et al. 2016). In fact, the reference to the environmental phenomena com-
monly accompanying an earthquake has been lost in the most recent intensity assessments,
while they were crucial in the past (e.g., the MM and MCS scales, Michetti et al. 2007).
The ESI scale was introduced to recuperate the use of, and fully exploit with an up-to-date
approach, the EEEs to improve the quantitative evaluation of seismic intensity. More pre-
cisely, the areal distribution and size of these effects correlate with the earthquake intensity
degrees and can be used to estimate them.
There are two main types of EEE indicators, primary and secondary. The former, is basic-

ally represented by coseismic faulting phenomena, described by surface rupture length (SRL)
and displacement (D, mean and maximum). The latter includes corollary phenomena trig-
gered by seismic shaking: slope failures, ground cracks, liquefaction, hydrological anomalies
and gas emission (Guerrieri et al. 2007).
This method has been widely used in seismic intensity evaluation (e.g., Fokaefs & Papado-

poulos 2007; Lekkas 2010; Vittori et al. 2011; Serva et al. 2016, and references therein), which
verifies the reliability of ESI method in seismic intensity evaluation. Based on field investiga-
tion and systematic collection of EEEs, the characteristics of the geological effects occurred
during the Lushan Earthquake have been analyzed to generate a map of ESI scale intensities.

Figure 1. Regional morphology and epicentral area of Lushan Earthquake.

5714



These intensities have been compared to the results gained by applying the Chinese seismic
intensity scale, in order to verify the actual contribution of the ESI scale to the seismic inten-
sity evaluation in the mountainous, rather remote and sparsely inhabited, epicentral area of
the Lushan earthquake.

2 OVERVIEW OF THE STUDY AREA

The three most hit counties, Lushan, Baoxing and Tianquan, largely lay in the mountainous
areas of Western Sichuan, where the few settlements are at the bottom of deep valleys, whose
slopes were affected by numerous landslides, collapses and debris slides and avalanches (Chen
et al. 2013; Miao et al. 2014). The climate in the region is typically mountainous with subtrop-
ical humid monsoon season. The high annual average precipitation (> 1m/year), concentrated
in high intensity events during the monsoon, is a frequent cause of flash floods, debris and
mud flows, landslides (Cui et al. 2013), facilitated by the rugged morphology and complex
geological structure. The latter results from the high rate of ongoing tectonism related to the
uplift and eastward push of the Tibetan plateau against the South China Block (e.g., Zheng
et al. 2013, and references therein).
The lithologies are dominated by a core of highly deformed Precambrian granitoids and

an assemblage of Paleozoic to Triassic metamorphic and sedimentary rocks (pre-Sinian and
Sinian complexes), deeply altered and fractured. The seismicity along the Longmenshan
fault Zone is high, with a past history of destructive earthquakes, e.g. the 1933 Diexi, Ms
7.5, event and the 1976, Ms 7.2, event (Figure 1). The Shuangshi – Dachuan Fault passes
through the epicentral area and is considered the most plausible source of the 2013 shock
(Figure 2).

Figure 2. Distribution of slope failures following the 2013 Lushan Earthquake.
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3 CHARACTERISTICS OF THE 2013 EARTHQUAKE ENVIRONMENTAL
EFFECTS

3.1 Quantitative analysis

We have mapped more than 800 effects in the three mostly hit counties, including rotational
and translational landslides (undifferentiated hereafter), rock falls/slides/avalanches, debris
slides, soil slip/slumps, sand liquefaction, which have left a severe residual hazard, e.g., precar-
ious rocks and debris, still evolving rock avalanches and landslides (Figures 2 and 3). The
slides dammed several watercourses, causing the birth of ephemeral lakes. Other collections of
landslides are available, e.g., Xu et al. (2015) that have mapped a much larger number of phe-
nomena, also taking advantage of the availability of a partial coverage of high resolution
aerial photographs. Instead, our mapping has left out most of the phenomena that had a very
local meaning, e.g., small-sized tumbled rocks and debris onto roads or very small soil slips or
rock falls upstream in the remote secondary valleys. We believe that all affected areas have
been surveyed and relevant phenomena mapped, so that our collection could be taken as rep-
resentative of the overall event in terms of seismically-triggered secondary geological
phenomena.
In some cases, the slope failures had a complex evolution, beginning for example as falls,

then evolving into rock/debris avalanches or slides. Landslides and rock falls/slides represent
the dominating geological phenomena in the study area, accounting for 33% and 58% of the
total, respectively. Debris slides account for 7% of the total, while the remaining 2% is repre-
sented by sand liquefaction, precarious slopes and dammed lakes (Figure 3a). From the stand-
point of size of EEEs, the study area was mainly affected by small and medium-sized slides.

Among them, about 47% had volume < 10,000 m3, 36% have a volume of 10,000 – 100,000 m3

(Figure 3b). Only 16 massive slope failures (volume > 100,000 m3) were observed in the epi-
central area, accounting for nearly 2% in number of the total. For the ESI application, the I0
estimate is based on the whole set of slope phenomena, without distinction by type, while the
latter is considered for the local intensity estimate, where the volume/size is taken into
account. In this case, a specific correlation may exist between size of a slope failure type and
intensity degree (Michetti et al. 2007).

3.2 Distribution characteristics

Figure 4 shows a highly schematic elevation profile orthogonal to the causative fault zone of the
Lushan earthquake. Figure 5 shows that Section B of Figure 4 features the largest quantity of
EEEs, accounting for 51.3% of the total, followed by Section A (32.4%) and Section C (16.3%).
Section B, which includes the Shuangshi – Dachuan Fault zone, has a quite rugged and moun-
tainous morphology. This explains the highest concentration of effects. Section A includes the

Figure 3. Statistical distribution of EEEs induced by the Lushan Earthquake: (left) by type; (right) by

size.
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contact region of the Sichuan Basin and the steep mountain ridge making the eastern border of
the Qinghai-Tibet Plateau. Consequences of the active thrusting are the fast uplift and strong
seismicity, which are the basic cause of the so frequent slides. Instead, Section C, despite located
in the mountain area of Qinghai – Tibet Plateau, i.e., in the hanging wall of the main thrust
zone, displays fewer geological effects, thanks to the less undulated terrain.
Figures 5 (strip classification map, step 10 km) and 6 (histogram) show the distribution of

the EEEs with respect to distance from the trace of the Shuangshi- Dachuan Fault.

EEEs mostly occurred in Strips 4, 5 and 6, accounting for 79.7% of the total. The fault trace
approximately follows the boundary of bands 5 and 6. The geological effects are not evenly
distributed, confirming the relevant impact of site characteristics on geological hazards.

Figure 6. Relationship between EEEs and Distance from Shuangshi - Dachuan Fault.

Figure 4. Highly schematic profile orthogonal to the Shuangshi- Dachuan Fault and the 2013 epicenter.

Figure 5. 10 km Strip Classification Map of Shuangshi-Dachuan Fault (Figure 2 repeated for

comparison).
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4 RESULTS OF SEISMIC INTENSITY EVALUATION IN STUDY AREA

4.1 Intensity estimation according to ESI scale

The epicentral ESI intensity (I0) of the Lushan Earthquake is evaluated to be X, according to
the extension of the area affected by seismically-triggered slides (rock falls+landslides), slightly
more than 5,000 km2 (Figure 2). In fact, 1,000 and 5,000 km2 are typical for intensities IX and
X, respectively (Michetti et al. 2007). A peak local intensity of X degree ESI was reached near
the Xianfeng Village, Baoxing County, hit by a huge landslide of about 180 million m3

(Figure 7, left).

Apart from slides, frequent were the ground deformations, from bumps (mole tracks?) to
open cracks. For example, en echelon bumps and ridges were created on the cement pavement
in Chunguang Village, Taiping Town, Lushan County, with a maximum deformation height
of 20 cm, creating cracks 1 cm wide and 3 cm long, so that the seismic intensity was estimated
as degree VI. The distribution and size of EEEs have allowed drawing the isolines of ESI
intensity shown in Figure 7 (left). Two main characteristics are observed: 1) the ESI isoseis-
mals are elongated in the NE-SW direction, parallel to the main fault trend, and the instru-
mental epicenter is included in the IX degree area, despite not centered on it; 2) the isoseismals
make a clear lobe in the northern area toward NW, indicating a possible larger susceptibility
to landsliding in the Bao Xing zone but not a stronger PGA.

4.2 Relationship between seismic intensity and EEEs distribution in the study area

The distribution by ESI intensity degree of the different types of geological effects is illustrated
in Figure 8. In general, degree VII area includes the largest number of hazardous geological
phenomena (454 over almost 3,200 km2, density 0.14/km2) followed by the degree VIII area
(309 EEEs over almost 1500 km2, density 0.2/km2). Together they account for 92% of EEEs.
Less effects are observed in the highest two degrees (23 in ca. 230 km2, density 0.1/km2), but
of larger size, as the large landslide near the Xianfeng Village along the Baoxing river. The
latter, accompanied by some much smaller rock falls and debris slides, has led to attribute an
X degree (highest degree) in an “odd” position away from the epicentral area along the fault
rupture zone. As observed also in macroseismic intensities estimates, i.e., very strong and iso-
lated “anomalous” damage due to a local site effect, the peak intensity (X) is here away and
larger than the intensity in the epicentral area (IX) because of the presence of this large

Figure 7. Comparison of ESI seismic (left) and macroseismic (right) intensities (Xu et al., 2015).
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landslide volume in a very unstable state. However, as said before, the I0 is X, based on the
extent of the area enclosing the mapped slides. The limited number of effects (only 42 in 4,400
km2) for the lowest estimated degree (VI) is due to their natural tendency to decay away from
the epicenter (Rodriguez et al. 1999; Porfido et al. 2002, and references therein), to which adds
the less attention given to survey these areas of minor shaking.

5 DISCUSSION AND CONCLUSIONS

Seismic intensity still remains a fundamental parameter, allowing to compare historical and
modern events and to represent the damage and the amount and size of geological effects to
be expected in future events. In the affected region, despite 10 strong-motion stations were
operating at the time of the 2013 event (Peng et al. 2014), they are still too spaced to allow a
validation of intensity by a direct areal comparison between instrumentally recorded ground
shaking and consequent phenomena, both in terms of damage and EEEs. According to Xu
et al. (2015), most of the coseismic landslides occurred inside the area of PGA≥ 0.2. The
Chinese seismic intensity scale (Chen et al. 1999) divides the intensity of the earthquake
mainly according to human perception and damage level of buildings. However, damages
are only evaluated based on qualitative indexes. The resulting intensity value of individual
survey points may be inaccurate, particularly for sparsely populated remote areas and for
areas of intensity higher than IX, where all the macroseismic scales fail to properly discrim-
inate between degrees, due to saturation of damage. These limits can be overcome taking
advantage of the ESI scale, to comprehensively evaluate post-earthquake intensities distri-
bution. According to the macroseismic intensity map (Xu et al. 2015), the maximum inten-
sity degree of the earthquake is IX (Figure 7, right), with the isoseismals (degrees VI to IX)
elongated NE-SW. Their shape and orientation are similar to those obtained applying the
ESI scale. The only significant difference is the northwest-protruding lobe where an ESI
peak intensity X is reached, basically due to the massive landslide occurred there. The area
of intensity IX is also slightly longer and shifted SW compared to the seismic epicenter. The
difference in the intensity value between these two methods does not exceed 1 degree. Not-
ably, the isoseismals of both methods center on the Shuangshi-Dachuan Fault and quite
accurately depict the ruptured section of the fault. In addition, the ESI isoseismals identify
an area of strong susceptibility to large slope instabilities, in spite of the distance from the
causative fault.
In cases like the Lushan earthquake, which occurred in a mountain area often difficult to

access, the ESI scale allows to easily portrait the intensity distribution, since the slope effects can
be rapidly and efficiently mapped by remote sensing techniques. These results confirm the robust-
ness and usefulness of the ESI scale and its applicability to diverse tectonic and geomorphologic
environments, as the Sichuan mountain region, characterized by an active compression.

Figure 8. Distribution of EEEs by ESI intensity degree.
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