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Abstract: In order to investigate the role of the 
amplification of peak ground acceleration (PGA) in 
seismic landslide formation mechanisms and study 
how earthquake waves interact with rock structures, a 
few strong-motion seismometers are installed at 
various locations on both sides of the Lengzhuguan 
gully. Five strong-motion seismometers were 
triggered at different depths in a tunnel at the same 
altitude during the Kangding Ms 5.8 earthquake on 
November 25th, 2014. The data reveal that the 
horizontal peak acceleration (PGAH) at each site 
decreased with increasing site depths. The PGAH at 
the deepest monitoring site (99 m from the tunnel 
entrance) was approximately half that of the 
outermost site. The amplitude of the acceleration 
response spectrum was also attenuated from the 
entrance inwards, the dynamic magnification factor 
(β) of the standard acceleration spectrum was less 
than 3.5, and rate of change was the same as that for 
the amplitude acceleration response. The Fourier 
spectra of each monitoring site also decreased from 
the outside inwards, and the components of the 
Fourier spectra were more complex at the surface. 

 
Keywords: Earthquake; Tunnel; Ground motion 
attenuation; Topographic effects; Lengzhuguan; 
Horizontal peak acceleration 

Introduction  

After the Wenchuan, Lushan and Ludian 
earthquakes occurring in the recent years in 
Southwest China, many Chinese scholars have been 
attracted to the study of the dynamic responses and 
stabilities of slopes under earthquake loading for 
geotechnical and geological engineering. The 
number of slope failures has been a key factor in 
the damage from high and steep slope geo-hazards 
in the cut slopes in western China, and the scale 
and size of the landslides or collapses correlate 
with the depths of the unstable rock masses. 
Topographic amplification is generally considered 
to be the main causal factor for these slope failures 
(Geli et al. 1988; Huang et al. 2013; Luo and Wang 
2013; Luo et al. 2013). Monitoring the data 
revealed that topographic amplification was 
conspicuous at isolated ridges and slope breaks 
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(Wang et al. 2015; He et al. 2015). Based on the 
physical model tests of the Ertan arch dam, it was 
found that topographic amplification occurred both 
in the vertical and horizontal directions (Wang 
1987; Wang and Wang 1987). The dynamic 
responses of different types of slopes have been 
studied through numerical simulation (Qi et al. 
2003; Qi et al. 2007). However, the depths of the 
topographic amplification and the laws of their 
dynamic responses are poorly understood, and 
there is no good way to select appropriate ground 
motion parameters for potential slide surfaces at 
different depths. Hence, it is difficult to meet the 
significant slope-supporting engineering 
requirements for further design based on only one 
peak acceleration. 

In the past few decades, the seismic responses 
of ground motion to the characteristics of depths 
below ground level has been studied to some 
degree due to the development of urban 
underground spaces. Some foreign scholars studied 
acceleration data from different vertical depths in 
earthquake zones with different soil foundations 
(Luo 1988). Based on the statistical data from 132 
underground engineering damage cases, it was 
found that damage was reduced significantly at 
depths greater than 50 meters, and there was 
minimal damage at depths beyond 300 meters 
(Sharma et al. 1992). Damage to tunnels from the 
5·12 Wenchuan earthquake was analyzed, and it 
was found that the degree of damage was slight to 
moderate when the horizontal depth was above 50 
meters and was light or nonexistent when it was 
more than 100 meters in a hard rock tunnel (Li 
2008). These previous studies indicate that the 
opening segment of the tunnel is where the 
emphasis should be placed for the mitigation of the 
destructive effects of earthquakes (Luo et al. 2008). 
The dynamic responses of a mountain tunnel have 
been analyzed by means of a large-scale shaking 
table test (Shen et al. 2009). Numerical 
stimulations were conducted to study the slope and 
tunnel stability under dynamic loadings (Zheng  
et al. 2010). To study the effect of the tunnel depth 
on the stability of its lining, the responses of a 
mountain tunnel at eight different depths to 
earthquake forcings were calculated using the finite 
element method (Jiang et al. 2014). These results 
contribute to a new way of studying the tunnel-
entrance stability during earthquakes, but there is 

still a lack of seismic monitoring data, and the 
homogeneous model materials make it difficult to 
simulate real situations in actual tunnels. 

With the support of the China Geological 
Survey Bureau, the National Science Foundation of 
China and the State Key Laboratory of Geohazard 
Prevention and Geoenvironmental Protection, 
monitoring stations was installed on both sides of 
the Lengzhuguan ditch, Sichuan Province, 
southwestern China, in 2011 (Figure 1). At 23:19 
November 25, 2014, an Ms 5.8 earthquake 
occurred in Kangding County, Sichuan, with an 
epicenter 43 km from the monitoring stations. Ten 
seismic instruments in this area were triggered by 
the earthquake, data series from #1, #2, #6-5 and #7-
3 were obtained to study the topographic 
amplification factors and the monitoring data from 
the five instruments in the #6 adit were used to 
study the variations of the seismic responses from 
the outside surface to inside at different depths 
below the surface. 

1     Study Area and Methods 

The Lengzhuguan earthquake monitoring adit 
stations are located on both sides of Lengzhuguan 
river valley, near where it flows into the Dadu River 
on its right bank. Two stations are located on the 
right bank of the Lengzhuguan river valley, and five 
stations are located on the left bank (Figure 2). One 
seismic monitoring instrument was installed at 
each station, from 1 to 5, five monitoring 
instruments were included in station 6 and three 
were included in station 7 (each instrument is at a 
different distance from the entrance) (Figure 3). 
The ridge on the right bank reaches an elevation of 
1520 m, while the left bank is a 1000 m high 
sloping terrain that is connected to the right 
concave bank of the Dadu River. Station 1 is at the 
top of the ridge on the right bank, and Station 2 is 
halfway up the ridge; Stations 3, 4 and 5 are 
situated at a slope break, and Stations 6 and 7 are 
located at different levels on the nearly rectilinear 
slope. The earthquake motions were measured by 
E-catcher strong-motion seismographs (made by 
Application of Japan’s Saitama Prefecture, Saitama 
City, Minamiku Daitakubo 2-2-19), with the basic 
sensitivity parameters of 1 V/g, a meter full scale of 
2000 gal (1 gal=1 cm·s-2), and the range of cycle 
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frequency is DC~20 Hz (-3 dB). 
Geologically, the Lengzhuguan slope is located 

on the Sichuan-Yunnan rhombic block, and the 
left-lateral strike thrust Xianshuihe fault crosses 
study area. The main lithologic units are 
represented by granite and amphibolite (Lower 
Proterozoic). 

2     Results 

Ten of the monitoring instruments at different 
locations were triggered during the Kangding Ms 
5.8 earthquake, and the seismic responses were 
obtained on both sides of the Lengzhuguan gully. 
The location parameters of the monitoring stations 
are given in Table 1. 

To study the topographic amplification on 
both sides of the Lengzhuguan gully, monitoring 

data are collected from #1, #2, #6-5 and #7-3. The 
attenuation effect could be eliminated with #6-5 
and #7-3. The characteristics of the ground motion 
parameters of each of the monitoring stations are 
listed in Table 2. 

At the Guza earthquake monitoring station (at 
a distance of 7 km from the Lengzhuguan 
monitoring section and located at the bottom of a 
valley that has almost the same lithological and 
topographical condition as the Lengzhuguan 
section), the horizontal and vertical components of 
the PGA of the main shock records are 12.3, 10.7 
and 8.6 gal, respectively. Therefore, these 
monitoring data are used as reference values for 
the Lengzhuguan section because station 3, which 
was intended to provide the reference values for 
the bottom of the valley in the Lengzhuguan 
section, was not triggered in the Kangding Ms 5.8 
earthquake.  

Figure 1 Geographic location of the monitoring section and the study area including three major earthquakes 
epicenter. 
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The calculation results show that the PGA 
amplification factor of station 1 was more than that 
of 6 and that of station 2 was between 1.57 and 2.8. 
However, the amplification factors of #6-5 and #7-3 
are approximately 1 in the horizontal direction, and 
the vertical are also below 2. Thus, the ground 
motion topographic amplification effect on the 
right side of the valley is stronger than that on the 

left. From the Lengzhuguan hydropower station 
reconnaissance data, it can be concluded that both 
sides have almost the same lithologic and rock 
mass characteristics; therefore, the terrain 
conditions appear to be the key factors in the 
different topographic amplification effects. 
However, there is a thin Quaternary alluvial 
deposit around stations 1 and 2, which may 

 
Figure 2 Topographic map of Lengzhuguan slope showing locations of the adits with seismic monitoring instruments. 
 

 
Figure 3 Lengzhuguan monitoring schematic cross-section. 
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contribute to the seismic response amplification. 
Still, the previously mentioned soil effect can be 
omitted when compared with the magnitude of the 
steep crest topographic effect.  

3    Discussion 

3.1 PGA variation 

Five monitoring instruments at different 
depths below the surface at the #6 adit were 
triggered during the Kangding Ms 5.8 earthquake 
and the recorded waveforms are shown in Figure 4. 
The characteristics of the seismic slope response 
are obtained from these monitoring data. 

The values of the PGAs in all three directions 
are plotted against their depths below the surface 
in Figure 5, and these are plotted as ratios of the 
values at the tunnel entrance in Figure 6. 

The trends of the peak acceleration ratio 
curves mirror the trends in the peak acceleration 
curves (Figure 5). The change law of the peak 
acceleration ratio curve is taken into account. 
Because the epicenter distance was approximately 

43 km and PGAV is usually bigger than PGAH, the 
change law of the PGAH is mainly discussed in the 
next part of this paper and is another reason that 
the horizontal amplification is most concerning for 
engineering. From Figure 5 and 6, it could be 
concluded that the ratio of the PGAH acceleration 
decreases from the outside to the inside, and the 
value at the surface decreases more rapidly than 
those at depth, revealing a strong nonlinear 
attenuation law. The PGAH at the innermost 
monitoring site (at 54 m perpendicular to the 
surface) was approximately half that of the 
outermost site, based on the monitoring data. 
What is more, the attenuation trend at the 
innermost station looks like it disappeared, 
meaning that the curve of the slope approaches 
zero. The results also confirm the analyses of the 
192 reports of underground construction 
destructions during earthquakes (Sharma and 
Judd 1991), as well as the failure types and 
characteristics of the mountain tunnels during the 
Wenchuan earthquake (Li 2008). Shaking table 
tests show that acceleration amplification 
coefficients increase nonlinearly with increasing 
elevations, and generally reach a maximum at the 
slope surface and on its shoulders (Yang et al. 
2012). Our research results are also in agreement 
with Yang’s results, and all reveal the dynamic 
response of the slope from the outside to the inside 
in their measured monitoring data and shaking 
table tests. Although some qualitative conclusions 
can be agreed on, many more studies should seek 
quantitative parameters for future engineering 
designs. It is also important for us to understand 
the seismic landslides occurring at the ridges of 
mountains or at the middle and upper parts of a 
slope. 

3.2 The acceleration response spectrum 

The concept of the acceleration response 
spectrum is based on elastic system dynamics (Biot 
1941). A series of response spectra curves are 
derived from a number of typical strong 
earthquake accelerations (Housner 1959). The 
response spectrum is a plot of the peak or steady-
state responses (displacement, velocity or 
acceleration) of a series of oscillators of varying 
natural frequencies that are forced into motion by 
the same base vibration or shock, which is the 

Table 1 The parameters of each monitoring site

Number Elev. 
(m) 

Epicentral 
distance (km) 

Depth 
(m) 

Lithology Instrument

#1 1516 43.68 1 granite E-catcher
#2 1478 43.65 1 granite E-catcher
#6-1 

1520 43.35 

1

granite 

G01NET-3
#6-2 17 G01NET-3
#6-3 30 E-catcher
#6-4 38 G01NET-3
#6-5 54 G01NET-3
#7-1 

1686 43.12 
22

granite 
E-catcher

#7-3 38 G01NET-3
#7-5 86 G01NET-3

Notes: Number denotes the number of monitoring 
stations. Elev. denotes the elevation; Depth denotes the 
depth perpendicular to the land surface; Lithology 
denotes the lithology of bed rock. 

 
Table 2 The ground motion parameter characteristics 
in East-West (EW), North-South (SN) and Vertical 
Direction (VD). PGA = peak ground acceleration.  

Number of 
monitoring 
station 

PGA (cm·s-2) Topographic 
amplification factors 

EW SN VD EW SN VD
#1 82.29 85.86 74.67 6.69 8.02 8.68
#2 19.32 29.11 24.12 1.57 2.72 2.80
#6-5 10.25 10.09 20.78 0.83 0.94 2.42
#7-3 12.77 10.36 15.11 1.04 0.97 1.76
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essence of the reaction of the ground to seismic 
motions. According to the Chinese power industry 
standard called the specification of strong motion 
safety monitoring for hydraulic structures (DL/T 
5416-2009), the horizontal acceleration response 
spectra with damping ratios of 5% are calculated, 
and the standard acceleration response spectrum is 
shown in Figure 7. 

On the whole, the dynamic amplification 
factor of each monitoring point decays with an 

increasing horizontal distance from the adit 
inwards. It decreases more rapidly near the surface 
and decreases only a little along the interior of the 
tunnel. Additionally, the response spectrum shape 
for the #6-1 monitoring point is significantly 
different to those of the other points, showing the 
effect of surface waves stimulated by body waves 
on the surface of the slope. The characteristic 
period of each monitoring point is concentrated 
from 0.1 to 0.4 seconds and shows that the energy 

 
Figure 4 The waveform of each monitoring site in #6 adit. 

 

      
Figure 5 Peak acceleration of each monitoring site. Figure 6 Peak acceleration ratio of each monitoring site.

Abbreviations: PGA = peak ground acceleration; VD direction means Vertical direction; EW direction means 
East-West direction; SN means North-South direction. 
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is concentrated in the high frequencies. The 
response spectrum of each monitoring point 
substantially decreases with increased depth when 
the characteristic period is greater than 0.5 second. 
The spectra of the different monitoring points were 
generally similar to each other at periods greater 
than approximately 1.5 seconds. 

3.3 Characteristics of the Fourier spectrum 

The Fourier spectrum reveals seismic 
spectrum characteristics by transforming time to 
frequency. From the Fourier spectrum, the 
frequency components of ground motion and the 

distribution of the energy of the ground motion at 
different frequencies can be inferred. The recorded 
monitoring data at the #6 station is transformed to 
the Fourier spectrum, and the Fourier amplitude 
spectrum at each monitoring point is calculated for 
different depths (see Figure 8); the maximum 
amplitude is shown in Table 3. The predominant 
frequency at each monitoring point is obtained, 
and the variation characteristics of the spectra at 
different depths from outside to the inside can also 
be studied. 

The mean amplitude of the Fourier spectrum 
from the monitored points generally decreases 
from outside to inside, although the amplitude of 

 
Figure 7  The horizontal acceleration standard response spectrum of each monitoring site: (a) EW direction; (b) SN 
direction. 
 

Figure 8 Fourier spectrum of each monitoring site: (a) East-West direction; (b) North-South direction. 
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the #6-4 monitoring point increases, and the 
numerical differences between each point are not 
obvious (see Figure 8 and Table 3). The Fourier 
spectra of the #6-1 point is complex and 
concentrated at higher frequencies; the amplitudes 
of almost all of the frequencies at this point are 
higher than those of the others and vary greatly due 
to the complex seismic waves at the surface. It also 
shows that the predominant frequency of each 
monitoring point is incomplete same and that 
some of these points even have several 
predominant frequencies, such as those 
concentrated at 5 to 15 Hz. It can be concluded that 
filtering is almost the same at the different parts of 
the slope with the same attitudes and that the 
range of amplification frequencies are similar. 

However, above all, the seismic wave is magnified 
selectively in different parts of the slope at the 
same attitudes, and the amplification effect is 
weakened at greater depths. The elevation of the #6 
monitoring station is approximately 110 meters 
above the bottom of the valley, and the peak 
reference acceleration is close to the #6-5 
monitoring point; therefore, the amplification 
effect along the elevation is consistent with the 
amplification effect from the inside to the outside 
of the slope. 

 3.4 Directional variation of seismic shaking 
energy 

The site response directivity can be effectively 
analyzed by examining the directional variations of 
the Arias intensity (Ia) (Arias 1970). A new method, 
called the polar diagram of the Arias intensity (Ia), 
is carried out to note the directional effect of the 
shaking energy (Del Gaudio and Wasowski 2007, 
2011). Based on the former method, Luo et al. 
(2014) find that the amplification at Weigan hill is 
clearly oriented transverse to the relief elongation. 
The calculated results are shown in Figure 9, and 

           

 

 

 

 

 

 

Figure 9 Polar diagrams of 
normalized Arias intensity 
(maximum made equal to 1) 
calculated for different monitoring 
points during Kangding Ms5.8 
earthquake. 

Table 3 Maximum Amplitude of Fourier spectrum

Number of monitoring 
station 

Maximum Amplitude of Fourier 
spectrum(cm·s-1) 
East-West North-South Mean

#6-1 4.24 4.92 4.58
#6-2 4.07 4.98 4.53
#6-3 3.59 4.08 3.84
#6-4 4.76 4.84 4.80
#6-5 3.46 4.41 3.94
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the event source back-azimuth (station-epicenter 
direction) is the same during the Kangding Ms 5.8 
earthquake. The results clearly show that the Ia 
shape of the #6-1 point is an ellipse, while those of 
the others are close to the typical “peanut” shapes; 
thus, the site response directivity of #6-1 is weaker 
than those of the others. The differences revealed 
between the maximum and minimum Ia show that 
the maximum of point #6-2 is approximately 1 in 
the direction of N40°E and the minimum is 0.45 
perpendicular to the maximum direction, while the 
maximum of point #6-4 is along N20°E, and that of 
point #6-5 is N15°E. However, the site response 
directivity of point #6-3 is not consistent with those 
of the other points, likely due to monitoring 
instrument layout error. As shown in Figure 9, the 
polar diagram of the normalized Arias intensity of 
point #6-1 is based on three different earthquake 
events that have different source properties, site-
epicenter azimuths and propagation paths, which 
may lead to some ambiguous results compared 
with those of the other monitoring stations. 
However, it is found that the site response 
directivity is almost the same triggered when by 
one event. It may be concluded that the site 
response directivity was almost the same for 
different levels of depths at the same altitude.  

3.5 Comparing data with simulation results 

Various numerical simulation methods, 
including the finite difference method (Boore 1972), 
the Aki-Larner method (Bard 1982), and the indirect 
boundary elements method (Bouchon and Barker 
1996), were used to better understand the seismic 

responses of a slope. Recently, the FLAC3D software 
based on fast Lagrangian analysis of continua 
method was used to analyze the seismic responses of 
a slope and calculate the seismic stability of a slope, 
providing some practical and valuable results (Qi et 
al. 2003; Liu et al. 2004; Yan et al. 2013). In this 
section, FLAC3D is used to stimulate the seismic 
response of the geological prototype of the 
Lengzhuguan slope. The boundary setting, damping 
and input waves strictly obey the rules of the 
dynamic module of the FLAC3D software (Itasca 
Consulting Group 2005). The stimulation model is 
illustrated in Figure 10. Generally, the bottom width 
of the model is 1000 m, the left boundary height is 
100 m, and the right boundary height is 650 m. In 
addition, many monitoring points are used to 
generate the acceleration time curve at a height of 
230 m, which is same as the actual slope attitude 
difference, as well as finding this for other heights. 
In this paper, the studied slope is considered to be 
composed of a  homogeneous, isotropic and elastic 
material with a density of 2.71 g·cm-3, a bulk 
modulus of 60.9 GPa and a shear modulus of 31.4 
GPa (from laboratory test).  

The peak ground accelerations of these 
monitoring points were obtained using the 
FLAC3D FISH programming language. Thus, the 
ratio curves at different height were calculated 
below the ground surface at different depths (see 
Figure 11). From the figure, it could be concluded 
that the PGA decreases with increasing depth. 
However, the trend of the change of the monitoring 
data was different from that at the same height 
difference (H = 130 meters) in the simulation 
results, and the monitoring results decreased 

Figure 10 Schematic illustration of dynamic numerical simulation model of the slope: (a) simulation section and 
dynamic boundary setting; (b) FLAC3D meshing of the model. 
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sharply at the surface. It can be seen that the 
change law of the monitoring results was the same 
when the height difference was 300 meters. These 
differences might be due to the model used in the 
stimulation, differences in the physical and 
mechanical parameters or the rock structures. 
These factors will be considered in future 
numerical simulation studies. 

 3.6 Topographic amplification effects on 
slope stability 

Many scholars have found that topographic 
amplification is a key factor in many coseismic 
landslides (Sepúlveda et al. 2005a; Sepúlveda et al. 
2005b; Hough et al. 2010; Luo and Wang 2013). A 
simplified method was proposed to evaluate the 
seismic stability of steep slopes while considering 
the topographic effect (Ashford and Sitar 2002). 
Therefore, the topographic amplification effects 
should be considered when buildings or 
infrastructure, such as communication and power 
supply pylons, are built on various topographies or 
ridges. In this paper, some qualitative results are 
attained, but some quantitative design parameters 
are difficult to derive because of the lack of 
monitoring data. Some of the suggestions in this 
paper could be considered in engineering 
constructions in those mountainous areas in 
regions of high earthquake intensity, such as the 
Ya’an-Kangding highway in Sichuan province, 
southwestern China. Such constructions should not 
be built on steep cliffs and engineering measures 
such as shotcrete should be taken; moreover, 
different treatment measures can be taken in 

different directions, according to the results of 
previous research.  

4    Conclusions 

Based on the seismic monitoring sections on 
the both sides of the Lengzhuguan gully, Sichuan 
Province, southwestern China, some data analysis 
results were presented in this paper. Data from 5 
strong earthquake monitoring sites at the same 
elevations provided information on the change 
laws of the horizontal peak accelerations at depths 
below the surface. The data indicate that the peak 
horizontal ground acceleration decreases with 
increasing depth away from the adit portal, such 
that the horizontal ground acceleration innermost 
point is approximately 0.5 times that at the portal, 
and the variations with distance show a strongly 
nonlinear trend. Therefore, during the tunnel 
construction, the tunnel entrance is the main 
section in need of reinforcement. 

The horizontal direction of the standardized 
acceleration response spectrum also indicates that 
the dynamic magnification coefficient of the 
acceleration response spectrum of each monitoring 
point is gradually reduced from the outside in, and 
the spectrum of the surface decreases much more 
than that at depth. The Fourier spectrum also 
shows the same change in trends as the PGAH and 
acceleration response spectra. The site response 
directivity was almost the same at different depths 
with the same altitudes. 

Quantitative results are not available because 
of limited monitoring data, but some qualitative 
analyses can be used in evaluating the seismic 
stability of slopes and future engineering designs. 
In the future, many more seismic monitoring 
networks should be established for different 
geologies, geometries and lithologies to better 
understand the ground motion. Other research 
methods, such as shaking table test experiments 
and numerical simulations, should be combined to 
analyze this problem.  
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