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ABSTRACT
The Loess Plateau is an earthquake prone region of China, where the amplification effects of
loess deposit on seismic ground motion were discovered during the Wenchuan Ms8.0
earthquake in 2008 and the Minxian-Zhangxian Ms6.6 earthquake in 2013. In this paper, the
field investigation, observation and analysis shown that so large number of casualties and
tremendous economic loss were caused not only by collapse and damage of houses with poor
seismic performance, landslides, but also amplification effects of topography and thickness of
loess deposit on seismic ground motion. The results indicated that the amplification effects are
more predominant with the increase in loess deposit thickness and slope height. The
amplification may increase seismic intensity by 1 degree, PGA and predominant period
respectively by 2 times.

Introduction
Loess Plateau is seated on the upper and middle stream of the Yellow River in northern
China, covering an area of 440,000km2 with the thickness of loess deposit ranging from
several meters to more than 500 meters, where is also earthquake prone region. As yet, 354
earthquakes with magnitude no less than Ms5.0 have affected the plateau region, 7 of which
were Ms8.0 and bigger, 22 were Ms7.0-7.9; and 67 were Ms6.0-6.9. More than 1.4 million
people were killed by the earthquakes in the region. The Wenchuan Ms8.0 earthquake in
2008 and the Minxian-Zhangxian Ms6.6 earthquake in 2013 caused enormous buildings,
houses and infrastructures collapsed or seriously damaged. Wang L. and Wu Z. (2010, 2013)
reported that during the two devastating quakes, the phenomena of site effects on ground
motion were very evident in the Loess Plateau.
In this paper, we investigated the typical loess sites affected by the two earthquakes, where
the phenomena of amplification effect were evident. The investigation methods included
borehole drilling exploration, mobile strong motion array observation, micro tremor survey,
and numerical simulation analysis. The aim of this study was to clarify the laws of the site
amplification effects on ground motion induced by strong earthquake at the mountainous
topography and thick loess deposit sites. Furthermore, a quantitative scientific basis on site
effects was proposed for seismic design of buildings at loess sites of China by the authors.
Seismic Intensity Investigation
We chose Dazhai Village in Pingliang City, Gansu Province as a typical loess site for the Wenchuan
earthquake damage investigation (see Figure 1) and Majiagou Village in Minxian county, Gansu
province as a typical loess site for the Minxian-Zhangxian earthquake damage investigation (see
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Figure 2). The field investigation indicated that the seismic intensity of areas around the two sites is
6 degree and 8 degree respectively (The Chinese Seismic Intensity Scale (2009)). These two sites
with thick loess deposit at the top of loess tableland were affected by seismic intensity higher than
that at the foot of mountains by 1 degree (Wu Z. (2009), Wang L. (2013)).

Figure 1: Topography (left), Dazhai Loess tableland (middle) and damage to houses of
Dazhai Village (right), Pingliang City.

Figure 2: Topography (left), damage to houses of Majiagou Village (middle) and damage to
houses of Xinglin Village (right), Minxian County.
Borehole Drilling Exploration
Two boreholes with depth of 95 m, and depth of 40 m respectively were drilled at site-one
(Dazhai Village, Pingliang City) and site-two (Majiagou Village, Minxian County). The
borehole geologic records and Vs data were shown in Figure 3 and 4 respectively. It indicates
that the loess thickness is 90 m and 39 m respectively at site-one and site-two. The soil of two
sites is mainly composed of loess-like silt and loess-like silty clay. The topography and
borehole survey data were adopted for a numerical simulation of site amplification effects.

Figure 3: Borehole geologic records and Vs
data of Dazhai Village.

Figure 4: Borehole geologic records and Vs
data of Majiagou Village.

Mobile Strong Motion Array Observation
Mobile strong observation site
After the Wenchuan earthquake, we set up a mobile strong motion array at a hill near the
Wenxian County town. Three observation stations on the same deposit were set at the bottom

(N 32.94, E 104.70, altitude: 927 m), middle (N 32.95, E 104.67, altitude: 960 m) and top
sites (N 32.94, E 104.67, altitude: 969 m) of the hill respectively shown in Figure 5.
Observation data
From May 22 to June 28, 2008, 12 aftershocks records were obtained (Wang L. and Wu Z.
(2012)). The PGA values of 12 events at three sites are shown in Figure 6. All the PGA
values at the top are greater than that at the middle of the hill, and the values at the middle are
slight greater than that at the bottom, except for No.3 event. Moreover, the greater the
magnitude, the more evident the sites amplification at the top of the hill.

Figure 5: Mobile strong motion array near
the Wenxian County Town.

Figure 6: Contrast of PGA at the different sites for
the strong motion records of the events.

Micro Tremor Observation
Based on high-density micro tremor survey, borehole data and shear wave velocity data at
these sites, the space distributions of micro tremor data were studied. The predominant
periods and overlying soil thickness of underground loess layer were obtained by an
inversion analysis method of using H/V frequency spectrum of micro tremor.
The observation indicated that the predominant frequencies at the top of Loess Mountain are
obviously lower than those at the bottom shown in Table 1. In other words, the predominant periods
at the top of the mountain are 1.37 and 2.59 times of the bottom ones respectively for the two sites.
Table 1. Predominant frequency and altitude at two sites
Site
Dazhai Village
Majiagou Village

Predominant
frequency at top/Hz
1.20
1.80

Top
altitude/m
1583
2775

Predominant frequency
at bottom/Hz
3.11
2.47

Bottom
altitude/m
1432
2626

Numerical Simulation Analysis
The case analysis
By applying the finite-element method, the two-dimension equivalent linear time history
dynamic analysis was used for numerical simulation of seismic response of these two typical
loess mountains at Dazhai village and Majiagou village to examine the amplification effect of
slope height of loess mountain on accelerations, velocities and displacements.
Analysis Methods
The methods proposed by Mei G. et al. (2010) and Wang L. et al. (2012) were employed for a

two-dimension finite element dynamic analysis, considering characteristics of free-field soil
and its nonlinearity. The values of dynamic shear modulus and damping ratio, which are
obtained while the maximum displacement develops during elasticity calculation according to
its dependence in strain, are applied in the dynamic analysis. Based on the borehole
exploration and high-density micro tremor survey, the two finite element models are
established shown as Figure 7 and Figure 8, where the thicknesses of loess deposit at Dazhai
village and Majiagou Village are set as 90m and 39m respectively. The soil parameters are
presented in table 2 and table 3.
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Figure 7: Analysis model of Dazhai village.

Figure 8: Analysis model of Majiagou
village.

Table 2: Soil layer classification and soil parameters of Dazhai village.
Soil layer
Silty clay
Silty clay
Silty clay
Silty clay
Silty clay
Mudstone

Density/
g/cm3
1.46
1.46
1.48
1.48
1.49
1.8

Thickness/
m
14
15
26
14
15
16

Vs/m/s
227
274
379
461
523
571

modulus of
elasticity/MPa
19.56
28.5
55.27
81.78
105.96
126.31

Damping
Ratio
0.15
0.15
0.15
0.15
0.15
0.15

Poisson
ratio
0.3
0.3
0.3
0.3
0.3
0.3

Table 3: Soil layer classification and soil parameters of Majiagou village.
Soil layer
Silty clay
Silty clay
Silty clay
Mudstone

Density/
g/cm3
1.46
1.46
1.48
1.8

Thickness/
m
17
10
12
211

Vs/m/s

Figure 9: Time history of acceleration of
Wuquan Mountain record (EW).

200
250
340
800

modulus of
elasticity/MPa
19.56
28.5
55.27
150.31

Damping
Ratio
0.15
0.15
0.15
0.15

Poisson
ratio
0.4
0.35
0.32
0.25

Figure 10: Time history of acceleration of
Minxian record (NS).

The Loess Mountains are set into plane strain element (linearly equivalent). The boundary
conditions use the infinite element boundary while the bottom conditions use artificial
boundary. The earthquake load of site-one is the far-field earthquake accelerogram recorded
at the bedrock of Wuquan Mountain in Lanzhou City during the 2008 Wenchuan Ms8.0

earthquake (Figure 9), and the earthquake load for site-two is the accelerogram recorded near
Minxian county town during the 2013 Minxian-Zhangxian Ms6.6 earthquake (Figure 10).
These acceleration histories are inputted in horizontal direction at the bottom of two models.
Results of numerical analysis
The acceleration distribution of the two loess mountains are obtained shown in Figure 11 and
12. It indicates that the acceleration response appears amplification effects with the increase
in slope height. Moreover, the maximum acceleration values appear at the top and the slope
leading edge. The acceleration values show the decreasing trend with increasing of the
distance away from the top of mountain edge.

Figure 11: Acceleration of Dazhai village.

Figure 13: Distributions of maximum
displacement, velocity and acceleration along
the depth of soil deposit (Dazhai village).

Figure 12: Acceleration of Majiagou village.

Figure 14: Distributions of maximum
displacement, velocity and acceleration along
the depth of soil deposit (Majiagou village).

Distributions of the maximum displacement, velocity and acceleration along the depth of soil
layer are presented in Figure 13 and 14. It can be seen that the maximum displacement,
velocity and acceleration increase with increasing of slope height from the bottom to top of
the mountains. At site-one, the maximum acceleration of input wave is 23 gal, which is
magnified to 147 gal at the top by 6.4 times. The maximum relative velocity at the top is
about 0.2m/s. The results are coincident with the seismic intensity (7 degree) at this site
induced by the Wenchuan earthquake. However, the seismic intensity investigation of the
area around the site-one is 6 degree. For site-two, the maximum acceleration of input wave is
219 gal, and the maximum one at the top reaches 570gal, the magnification is about 2.6
times. The maximum relative velocity at the top is about 0.07m/s. The results are coincident
with the seismic intensity (9 degree) at this site induced by the Minxian-Zhangxian
earthquake. However, the seismic intensity investigation of the area around the site-two is 8
degree. It can be seen that the seismic intensities in two sites on the top of loess tablelands
with a certain slope height were amplified by 1 degree than those at the foot of mountains.
The results of numerical calculation are consistent with the field investigation of seismic
intensity.

Site effects
Loess deposit thickness
The analysis model with the slope of 45°was established as shown in Figure15. Nine cases
with different thickness of loess deposit, 20m, 40m, 60m, 80m, 100m, 120m, 160m, 200m
and 240m were analyzed for the model to examine the amplification effects of loess tableland
on strong motion. The input seismic load is the same as Figure 9.
Because the Site-D keeps a distance of 1 times the height of slope away from the top edge of the
model, the PGA value at the site is similar to that at Site-B. Consequently, the Site-E where keeps
a distance of 5 times the height of slope away from the top edge of the model, has so smaller
amplification effect of slope that could be ignored in seismic design. Therefore, we choose Site-E
to study only the influence of loess deposit thickness on ground motion. In addition, through
numerical calculation and theoretical analysis, we give the effect of loess deposit thickness on
characteristic period. The results are presented in Figure 17 and Table 4 respectively.
The results indicate that the amplification of seismic parameters on the thick loess deposit should
also be taken into consideration in seismic design, so that the maximum value of seismic
influence coefficient is proposed to be multiplied by an amplifying factor. Based on the
calculation presented in Table 4, the amplifying factor enhances from 1.1 to 1.6 with increase in
loess deposit thickness from 20m to 240m. At the same time, the characteristic period gets longer
with loess deposit thickness, but the thickness of 80 m or more, its value is nearly constant.
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Figure 15: Analysis model of thickness.
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Figure 16: Analysis model of slope.

Table 4: The amplifying factor and characteristic period with soil thickness.
Loess deposit thickness/m 20
40
60
80
Amplifying factor
1.1 1.2 1.3 1.3
Characteristic period/s
0.54 0.63 0.69 0.70

100
1.3
0.70

120
1.4
0.70

160
1.4
0.70

200
1.5
0.70

240
1.6
0.70

Loess mountain slope
The analysis model shown in Figure16 was used to further examine the quantitative influence
of slope of Loess Mountain on amplification effects. Given the fixed loess thickness of 80m,
and five cases with different mountain slopes of 30°, 40°, 50°, 60°and 70° were analyzed for
the model with the input seismic load as the same as Figure 9.
The PGA values at different locations of the loess deposit with different thicknesses are
shown in Figure 17. The results indicate that slope effect is very predominantly. All the PGA
values at the top are greater than that at the middle of the slope model, and the values at the
middle are greater than that at the bottom. And the PGA magnification times of Site-A are
between 1.1-1.3, those for Site-B and Site-C are between 1.3-1.5 and 1.5-2.0 respectively. In
order to take the influence of slope on strong motion into account of seismic design, the

maximum value of seismic influence coefficient is proposed to be multiplied by the
amplifying factor according to the site of loess slope presented as Table 5.
The PGA values at different locations of the loess deposit with different slope gradients are shown
in Figure 18. The results indicate that the slope gradient of loess mountain is also one of the
important factors on the amplification effects of ground motion, and the loess mountain with a slope
ranging from 60o-70o have the most significant amplification effects on seismic ground motion.

Figure 17: PGA at different locations of the
loess deposit with different thicknesses.

Figure 18: PGA at different locations of the
loess deposit with different slope gradients.

Table 5: The amplifying factor with loess slope effects.
Site
Amplifying factor

A
1.1-1.3

B
1.3-1.5

C
1.5-2.0

Seismic Design of Buildings Considering the Amplification Effects
Based on the above-mentioned research results, the authors proposed a method of taking the
amplification effects of both loess topography and thickness of loess deposit on seismic
ground motion into account for seismic design of buildings on loess sites, which has been
mostly adopted by Specification for Seismic Design of Buildings of Gansu Province
(Department of Housing and Urban-Rural Development of Gansu Province, et al., 2012).
For general buildings located at the top of Loess Mountains, the site effects on ground motion
and influence of seismic landslides should be considered and the buildings should keep a
certain distance with the slope top edge. When the slope meet the requirements of seismic
stability, buildings have to keep a distance of 5 times more than the height of slope away from
the top edge of the mountain slope for avoiding both significant amplification effect of ground
motion and influence of landslides. If the buildings could not keep the required safety distance,
amplification effect of ground motion has to be considered in seismic design, in which the
horizontal earthquake influence coefficient for seismic design is proposed to be adjusted by
multiplying an amplifying factor presented in Table 5 according to the site conditions of loess
slope shown as Fig.17 and Fig.18. For important buildings located at the top and foot of Loess
Mountains, seismic safety evaluation for construction sites should be carried out.
For loess sites thicker than 20m without topographic influence, the amplification effects of
ground motion should be considered and the horizontal earthquake influence coefficient for
seismic design should be adjusted by multiplying an amplifying factor according to the
thickness of loess layer，ΔH，shown as Table 6.

Table 6: The proposed amplifying factors ( a max ) and characteristic period (Tg).
ΔH(m)

a max

Tg (s)

20 ≤ ΔH < 40 40 ≤ ΔH <60
1.1
1.2
0.55
0.65

60≤ΔH<120
1.3
0.70

120≤ΔH<180
1.4
0.70

180≤ΔH<240 240 ≤ ΔH
1.5
1.6
0.70
0.75

Conclusions
The earthquake damage investigation, field observation and numerical analysis shown that
the amplification effects of topography and thickness of loess deposit on seismic ground
motion are predominant, which may increase seismic intensity by 1 degree.
The predominant frequency of ground motion at the top of Loess Mountains is lower than
those at the foot evidently, which made the earthquake damage more serious. The site effect
may even lengthen the predominant period at the top of the mountains by two times.
The amplification effect of the loess mountain on ground motion is to be confirmed and the
acceleration magnification gradually increases with the increase of slope height. The amplification
effect at the top edge of the mountain is most evident, which may increase PGA by two times. The
effect gradually decreases in the internal loess tableland far away from the top edge.
The site condition has a direct impact on amplification effects of seismic ground motion. The
loess deposit thickness and the slope gradient are two more evident influencing factors. The
results revealed that with the increases of loess deposit thickness and slope, the amplification
effects of seismic ground motion are more and more evident, and the Loess Mountains with a
slope ranging from 60o-70o have most significant amplification effects on ground motion.
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