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/e large-scale shaking table model test, which can directly reproduce the process of slope instability and failure, is an important
technical means for the prediction and evaluation of slope seismic stability. However, up to now, the systematic slope stability
evaluation method based on the shaking table slope model test has not been established, which limits the application of the
expensive shaking table model test in slope seismic design./erefore, the slope stability evaluationmethod based on themodel test
needs to be developed and innovated. In this research, through three loess slopemodel tests with different rainfall, according to the
change law of the peak value of transfer function spectrum, combined with the macrodestructive characteristics of the slope
model, an accurate calculation method of the critical instability acceleration of the slope is proposed. Based on the behavior
similarity theory, for the shaking table model test of slope whose soil cohesion cannot meet the similarity ratio, the reduction
method of applying the critical instability acceleration obtained from the model test to prototype slope is proposed. Based on first-
order natural frequency and damping ratio extracted from the TF spectrum curve, a calculationmethod for the stability factor Fs of
loess slope based on the shaking table model test is proposed, and the stability factors of loess slope under the action of different
seismic ground motion would be quantitatively calculated. /e above methods provide another effective way for qualitative
prediction and evaluation of seismic stability of loess slope.

1. Introduction

/e Loess Plateau is one of the cradles of Chinese civili-
zation, which created brilliant civilization in the Chinese
history. However, due to its arid and rainless climate, ravine
topography, frequent earthquakes (Figure 1(a)), and various
geological disasters, it has become one of the underdevel-
oped areas in modern China. At present, with the devel-
opment of the western development strategy, the Loess
Plateau in China has become the key area of the national
social and economic development strategy. In recent years,
airports, expressways, railways, and other major infra-
structures have been widely implemented in this area. /e
completion and operation of these infrastructure greatly
facilitates people’s life and promotes social and economic

development. However, the large-scale engineering con-
struction projects have changed the original landform of
loess area and formed loess slopes of different scales, and
slope instability and sliding have become a kind of frequent
disasters in loess area [1] (Figure 1(b)). At present, the
process of urbanization in the Loess Plateau is also ad-
vancing rapidly. Due to the ravine topography, flat and open
construction land is very limited, and many places of the
loess area restricted by the natural geographical conditions
have to use a way of slope cutting and mountain cutting to
obtain new construction land resources (Figure 1(c)), which
leads to a large number of new cities and towns adjacent to
the side of high slopes (Figure 1(d)); thus, there are major
potential safety risks [2]. According to the seismic parameter
zonation map of China (GB 18306-2015) [3], the area of
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basic seismic fortification intensity VII and above in the
Loess Plateau accounts for 54.21%. /e potential earthquake
disaster risk of cities and their major infrastructure projects
in the high seismic intensity area is very high. Loess has
physical and mechanical properties that exhibit water sen-
sitivity and dynamic vulnerability [4]. When loess is im-
mersed in water or undergoes strong earthquakes, its
microstructure collapses, resulting in serious geotechnical
hazards or engineering deterioration. Loess landslides in-
duced by water or earthquakes have been the most prom-
inent geological disasters in the loess areas of China [5].
Loess landslides induced by earthquakes are characterized by
a high density, large scale, high sliding speed, and long
sliding distance, making them very hazardous and de-
structive [6]. How to ensure the earthquake safety of cities
and infrastructure in the Loess Plateau and minimize ca-
sualties and socioeconomic losses caused earthquake di-
saster are one of the scientific problems that need to be
solved urgently [7].

In order to prevent and reduce the risk of loess earth-
quake landslide disaster, the seismic stability evaluation of
loess slope is very important. At present, the seismic stability
factor of slope is widely used as the seismic fortification
index, and the quasistatic method or numerical simulation
method is often used for slope seismic stability analysis and
evaluation./e pseudostatic method uses PGA instead of the
seismic action process, and the results are quite different
from the actual situation. Numerical simulation method like

finite element can overcome many limitations and short-
comings of the quasistatic method and can realize the de-
formation evolution and failure process of slope [8–10],
which is a suitable choice for modeling slope stability with
low cost and high accuracy [11–14]./erefore, finite element
is widely used in the stability evaluation of loess slope.
However, since loess is a soil with special microstructure
[15, 16], which is the main internal factor affecting its
mechanical properties [17, 18], loess microstructure is easy
to be damaged and failured under the action of external
factors such as water and force, and the failure mode of loess
under dynamic action is also very different with the different
water content [4, 19], and the failure mechanism of loess
slopes with different water content is very different under
seismic dynamic action [20–24]. /e simulation results of
slope seismic stability by the finite element method highly
depend on the soil constitutive equation, while the consti-
tutive model considering loess microstructure is still in the
exploratory stage [25]. So when the finite element method is
used to analyze the seismic stability of loess slope, whether
the nonlinear damage process of loess microstructure could
be simulated is a challenging problem. Because the failure
mode of loess is closely related to its stress state and water
content, it is a difficult problem for the finite element
method based on the assumption of continuous deformation
to simulate the tensile failure under low confining pressure
and low water content. Under the reciprocating action of
seismic ground motion, the mechanical properties of soil
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Figure 1: Engineering activities and earthquake landslide risk in the Loess Plateau. (a) Distribution of historical earthquakes. (b) Sliding of
an engineering slope. (c) Cutting slope to making land. (d) Buildings adjacent to slopes.
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mass at different positions of slope change differently
[20, 26], and it is difficult to realize the spatial-temporal
variation of mechanical properties of slope soil under
seismic action by the finite element method. In view of the
above problems, the large-scale shaking table test has been
widely used in the prediction and evaluation of loess slope
stability in recent years [24, 27, 28]. However, the shaking
table model test about slope instability failure can only give
the critical instability acceleration and cannot give quanti-
tative evaluation results less than the critical instability
acceleration, which is not convenient to compare with the
stability factor calculated by other methods and which limits
the application of the expensive shaking table model test in
slope seismic design to a certain extent. In order to solve this
problem, the calculation method of seismic stability factor of
loess slope is established based on the shaking table model
test, and the accurate calculation of the critical acceleration
and the conversion method of the model test results applied
to the prototype is proposed in this research, which provides
an important quantitative basis for seismic design and en-
gineering prevention of loess slope.

2. Study Area

/e Loess Plateau is seated on the upper and middle stream
of the Yellow River in northern China, and its total area is
approximately 335,000 km2 with the thickness of loess de-
posit ranging from several meters to more than 500m
[4]./e Loess Plateau is the largest continuous distribution
area of loess in the world and has the thickest loess deposits
and the most complicated topography, where major land-
forms are loess tableland, loess ridge and hillock, and valley
terraces.

/e Loess Plateau is one of the most tectonically active
areas of the world and also one of the most intensely seismic
activities’ regions of the world. According to historical
earthquake records, 367 earthquakes with magnitude greater
than Ms 5.0 occurred in the region, and there are 7 events
with magnitude equal or greater than Ms 8.0, 20 events with
magnitude between Ms 7.0 and 7.9, and 71 events with
magnitude between Ms 6.0 and 6.9, and more than 1.4
million people were killed by the earthquakes [29].

Loess is characterized by high porosity and weak ce-
mentation, and metastable scaffold pores are extremely well
developed, which has extremely strong collapsibility and
dynamic vulnerability [4]. In addition, topography of
crisscross hills and gullies, earthquake-prone environment,
and several factors combination make loess landslides and
collapses be the most prominent geological disasters in the
Loess Plateau [4, 6]. In 1920, Haiyuan Ms 8.5 earthquake
caused more than 270,000 deaths, among which more than
100,000 deaths were caused by loess landslides [6].

/e Loess Plateau belongs to temperate continental
monsoon climate, with an average annual precipitation of
400–600mm, and rainfall is concentrated from July to
September, accounting for 70% of annual rainfall, which is
prone to heavy rain in summer and continuous rainfall for
many days in autumn. /erefore, rainfall is a main factor
triggering loess landslide [30, 31].

Based on the practical needs of preventing and miti-
gating loess earthquake and landslide disasters, considering
the above factors, a low-angle loess slope was selected as the
research object in Lanzhou, located in the west of the Loess
Plateau. A series of shaking table model tests to investigate
the seismic stability of slope under different rainfall con-
ditions were carried out.

3. Shaking Table Model Test

/ree types of shaking table model tests of loess slopes with
rainfall of 0mm (natural state), 10mm, and 100mm, re-
spectively, under seismic ground motion have been carried
out successively, and the quantitative evolution law of
physical quantities related to the slope models in the
process of increasing loading intensity is comparatively
analyzed, so as to establish the evaluation method of
seismic stability of loess slope based on the shaking table
model test.

For three model tests with different rainfall, model size,
and physical and mechanical parameters, loading seismic
waveform and making process of the slope model are ba-
sically the same, and the difference between them is rainfall
and loading seismic wave intensity.

3.1. Test Equipment. /e equipment for loading seismic
ground motion in the model tests is a large two-way electric
servo shaking table in Key Laboratory of Loess Earthquake
Engineering, Lanzhou Institute of Seismology. /e table size
is 4m× 6m, the maximum loading weight is 25 t, the
maximum acceleration can reach 1.7 g, and the loading
frequency range is 0.1–70Hz. A rigid model box is used in
the test, and the box size is 2.8m× 1.4m× 1.2m (Figure 2).

3.2. Similar Design. Considering that the three model tests
are all simulation tests of loess slope failure under the action
of seismic ground motion, due to the mechanical properties
of loess which is easy to be damaged under dynamic action,
the similarity of elastic restoring force is not emphasized in
the similar design, but the similarity conditions of gravity
and resistance are mainly considered [32]. /erefore, the
similarity ratio of cohesion and density is determined as the
main control quantity. Loess is a kind of soil with micro-
structure, and particle composition is one of the elements of
its microstructure. /erefore, remolded loess is used as the
model material, so the model soil would have certain mi-
crostructure and structural strength [18]. /rough a large
number of proportioning laboratory tests loess with different
water content and dynamic triaxial shear tests of the
remolded loess sample, except that the cohesion c value is
9 kPa, it is not within the target value range of 4.3–5.0 kPa
(Table 1), and othermaterial parameters are within the target
value range.

3.3.ModelMaking. /emaking process of the model strictly
follows the fixed process shown in Figure 3. First, the un-
disturbed loess is crushed, sieved by 0.5mm, and then mixed
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with water. According to the soil volume of each layer of
10 cm height, it is weighed and evenly spread in the model
box. /en, it is compacted with steel plate, and the model is
made layer by layer until the design height of the model is
reached. In the process of making the model, sensors of
acceleration, earth pressure, and pore pressure are set up,
and the position of sensors and model size are shown in
Figure 4.

3.4. Rainfall Implementation. A self-designed artificial
rainfall equipment was built to simulate the rainfall process

in the Loess Plateau. Two main yellow hoses were used to
transport water and air, respectively [33]. Five injectors are
deployed equidistantly, and rainwater could be sprayed
evenly on slope surface. /e intensity of the rain could be
controlled by five valves. /e rainfall intensity is adjustable
in the range of 5–100mm, which would realize various
rainfall conditions from light rain to heavy rain in the Loess
Plateau.

After the model making was completed, the natural loess
slope model was immediately hoisted to the shaking table for
vibration tests under various loading conditions. For the loess
slope model with rainfall of 10mm, artificial rainfall with a

(a) (b)

Figure 2: Shaking table slope model. (a) Front view. (b) Side view.

Table 1: Similarity relationship.

Physical quantity Similarity
relationship

Similarity
ratio Prototype soil Target value of

model soil Model soil Remark

Geometrical size (m) SL � 10 10 Control parameter
Density (kg/m3) Sρ � 1 1 1.21–1.42 1.30–1.40 1.32 Control parameter
Cohesion (kPa) Sc � SLSρ 10 26–50.3 4.3–5.0 9
Inner friction angle (°) Sφ � 1 1 21–33 21–33 31
Water content (%) Sw � 1 1 4.1–6.5 4.1–6.5 6.3 Control parameter
Poisson’s ratio Sμ � 1 1
Acceleration (m/s2) Sa � 1 1

Dynamic loadingArtificial rainfallModel makingPreparation before
making model

Crushing soil

Sieving soil

Adding water

Mixing soil and
water

to soil

Natural loess slope
model

No Is the height of soil layer up
to the design height?

Complete the model
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Spreading soil
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Model with 100 mm
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Figure 3: Flowchart of the shaking table model test.
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rainfall intensity of 10mm/h and a total rainfall of 10mmwas
simulated by a self-made rainfall device, and the model test
under various working conditions was carried out about 30
minutes after rainfall. For the loess slope model with rainfall
of 100mm, artificial rainfall with a rainfall intensity of
20–30mm/h and a total rainfall of 100mmwas simulated by a
self-made rainfall device, the artificial rainfall process lasted
about four hours, and the model test under various working
conditions was carried out about 30 minutes after the rainfall.

3.5. Loading Mode. In order to compare and analyze model
tests under three kinds of rainfall condition, the horizontal
acceleration time history recorded by Minxian seismic
station of theMinxian-ZhangxianMs 6.6 earthquake in 2013
was loaded in the tests (Figure 5), and the input amplitude
values under different loading conditions were modulated as
needed. /e slope model test of natural state (0mm) was
loaded with 102 gal, 166 gal, 377 gal, 707 gal, and 1082 gal
Minxian waves. /e slope model test with 10mm rainfall
was loaded with 102 gal, 202 gal, 368 gal, 666 gal, and
1007 gal Minxian waves. /e slope model test with 100mm
rainfall was loaded with 110 gal, 199 gal, 285 gal, 353 gal,
594 gal, and 653 gal Minxian waves.

4. Analysis of Test Results

4.1. Macrodamage

4.1.1. 3e Natural Loess Slope Model Test. At 377 gal, small
tensile fissures begin to appear at the slope shoulder; at
707 gal (Figure 6(a)), the small fissures expand into larger
cracks and the opening increases; at 1082 gal (Figure 6(b)),
there is a through crack at the front edge of the slope top and
about 10 cm near the slope shoulder, with a depth of about
60 cm and a maximum opening of about 2–4 cm. /ere are
many secondary cracks in the front and back of the main
crack and the lower edge of the slope shoulder, which in-
dicate that the slope model is instability.

4.1.2. 3e Slope Model Test with 10mm Rainfall. At 368 gal,
several tensile cracks appear on the top of the slope, and the
maximum opening is about 3–5mm. At 666 gal
(Figure 6(c)), the soil at the top of the slope was seriously
damaged, the seismic subsidence of the soil is about 2 cm,
and the front edge of the slope appeared stepped sliding with
the maximum slip of 2 cm. At 1007 gal (Figure 6(d)), the
total amount of seismic subsidence on the top of the slope is
5 cm, the sliding range and sliding amount of the slope
shoulder increase, and the maximum sliding is 5 cm. Several
through tensile cracks are appeared on the slope shoulder
and its adjacent area, with the opening of about 1-2 cm and
the deepest of 30–40 cm./e cracks are all over the top of the
slope and the upper and middle parts of the slope, which
indicates the instability of the slope.

4.1.3. 3e Slope Model Test with 100mm Rainfall. At 353 gal,
the middle part of the slope top subsided about 1-2 cm, and the
middle part of the slope shoulder slipped about 3 cm. At 594 gal
(Figure 6(e)), the external shape of the slope changed greatly,
and significant soil seismic subsidence and liquefaction slip
phenomena appeared. /ere is a large area of seismic subsi-
dence about 5 cm in the middle part of the slope top, and the
liquefaction slip of the slope shoulder is about 9 cm. At 653 gal
(Figure 6(f)), the sliding soil mass slided about 20 cm.

4.2. Variation of Dynamic Parameters of the Slope Model

4.2.1. Calculation Method. /e transfer function is the ex-
pression of dynamic characteristics of the vibration system
in frequency domain. /e dynamic parameters of the slope
model can be calculated by the relative acceleration transfer
function of a certain part in the slope model test [34]. /e
transfer function is expressed by the following formula:

Ta ω, zj  �
Gxy ω, zj 

Gxx(ω)
, (1)
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where Gxx is the autocorrelation function of input, Gxy is the
cross-correlation function of input and response, ω is the
circular frequency of input wave, and zj is the coordinate
function of response part. /e frequency of the peak value in
the spectrum curve of the transfer function is the first-order
natural frequency of the j point of the slope model, and the
damping ratio of point j is

λ �
f2 − f1

2f0
, (2)

where f0 is the frequency of the peak value, and f1, f2 are the
two frequencies corresponding to 0.707 times of the peak
value. /e shaking table test shows that the peak value,
frequency, and damping ratio of the first-order vibration
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mode of slope shoulder decrease regularly with the increase
of dynamic loading intensity [20, 21]. /erefore, the peak
value, frequency, and damping ratio of the first-order mode
of the relative acceleration transfer function (TF) of the slope
shoulder under different loading conditions are used to
analyze the slope model stability.

/e shaking table test can also directly show the am-
plification effect of peak ground acceleration (PGA) [21, 22],
so the PGA amplification effect is also included into the
scope of the slope model, stability analysis. In this study, the
ratio of the peak value of input acceleration Aumax to the
peak value of response acceleration Asmax is defined as the
dynamic response coefficient, that is APGA, which is
expressed as follows:

APGA �
Asmax

Aumax
. (3)

4.2.2. Variation of Dynamic Parameters of the Loess Slope
Model. /e macroscopic failure phenomena of the slope
model under three rainfall conditions mainly occur in the
shoulder and its adjacent areas, and these areas are also the
most significant parts of the amplification effect of seismic
ground motion. /erefore, the change of the frequency
spectrum curve of the transfer function (TF) at the slope
shoulder with loading intensity can well reflect the process
information of the dynamic instability of the slope model.
With the increase of loading intensity, the peak value and
shape of TF spectrum curve of relative acceleration at A5
point of slope shoulder of the slope model change regularly
(Figure 7). /erefore, its amplitude, first-order frequency,
and damping ratio are extracted and calculated for analysis.

It can be seen from Figure 7 that the peak value of the TF
frequency spectrum curve under different rainfall conditions
decreases regularly with the increase of dynamic loading
intensity. /rough polynomial fitting, the following three
formulas can be obtained:

ATF100 � −22.25a
2

− 12.23a + 12.45, (4)

ATF10 � −8.51a
2

− 5a + 10.57, (5)

ATF0 � −6.48a
2

− 0.74a + 7.78. (6)

In the above formulas, ATF100, ATF10, and ATF0 are the
peak values of the TF spectrum curve of slope shoulder for
rainfall model tests of 100mm, 10mm, and 0mm, respec-
tively, and a is the input seismic acceleration.

As shown in Figure 8, after the slope model under
different rainfall conditions is unstable and damaged, the TF
spectrum curve of the slope shoulder is dispersive, without
an obvious peak value, and the curve amplitude fluctuates
around 2. Due to the large dispersion of the input accel-
eration between different loading conditions in the test, the
critical acceleration of slope instability cannot be accurately
obtained. /erefore, taking 2 as the critical value of TF
spectrum amplitude during slope instability [21, 22],
through formulas (4)‒(6), it can be calculated that the peak

values of seismic critical instability acceleration under
rainfall of 100mm, 10mm, and natural state are 0.463 g,
0.746 g, and 0.889 g, which is more scientific and reasonable
than the critical instability acceleration values of 594 gal,
1007 gal, and 1082 gal, roughly obtained from loading
conditions through the macrofailure phenomenon.

As shown in Figure 7(b), when the dynamic loading
intensity is low, the first-order natural frequency of the slope
model decreases linearly. With the increase of dynamic
loading intensity, the natural frequency would decrease
rapidly and nonlinearly, and the change process of natural
frequency under different rainfall conditions can be
expressed by the following fitting formulas:

f100 � −32.5a
2

+ 0.75a + 23.73,

f10 � −18.94a
2

+ 1.14a + 27.29,

f0 � −19.51a
2

+ 3.09a + 31.15.

(7)

In the above formulas, f is the natural frequency of the
slope model under different rainfall conditions, subscript is
the rainfall, and a is the acceleration.

/e dynamic damping ratio increases with the increase
of loading intensity (Figure 7(c)), which reflects the physical
process that with the increase of dynamic loading intensity,
the soil damage on the top of slope is intensified and ac-
cumulated under the action of dynamic shear stress, and the
energy dissipation of soil is significantly enhanced. /e
change process of damping ratio under different rainfall
conditions can be expressed by the following polynomial
fitting formula:

λ100 � 1.25a
2

− 0.155a + 0.26,

λ10 � 0.33a
2

+ 0.17a + 0.18,

λ0 � 0.12a
2

+ 0.21a + 0.1.

(8)

In the above formulas, λ the damping ratio of slope
model soil under different rainfall conditions, subscript is
the rainfall, and a is the acceleration.

Before the failure of the slope model, the amplification
factor of PGA at the top of slope increases with the increase
of dynamic loading; after the failure, the amplification factor
decreases significantly (Figure 7(d)). /e test results of three
rainfall conditions are similar.

5. Slope Stability Evaluation Based on Shaking
Table Test Results

5.1. Calculation Method of Seismic Instability Critical Accel-
eration of Prototype Slope. According to the viewpoint of
similar behavior in the shaking table model test, in order to
ensure similar deformation and failure, the acceleration
amplitude must meet the following similar conditions [35]:

Sa � S[τ]S
−2/n
ρ S

−1
L , (9)

where S is the similarity ratio, and subscripts a, [τ], ρ, and L
represent acceleration, shear strength, density, and

Shock and Vibration 7



0
0

2

4A
m

pl
itu

de
6

8

10

12

102 gal
166 gal
377 gal

707 gal
1082 gal

10
Frequency (Hz)

20 30 40 50

(a)

5

10

15

A
m

pl
itu

de

0
0

10
Frequency (Hz)

20 30 40 50

102 gal
202 gal
368 gal

666 gal
1007 gal

(b)

0
0

2

4A
m

pl
itu

de

6

8

10

12

10
Frequency (Hz)

20 30 40 50

110 gal
199 gal

653 gal285 gal
594 gal
353 gal

(c)

Figure 7: TF spectrum curve at A5 point of slope shoulder of the slope model. (a) Transfer function spectrum (0mm). (b) Transfer function
spectrum (10mm). (c) Transfer function spectrum (100mm).

0.2
1.000
2.000
3.000
4.000
5.000

A
m

pl
itu

de

6.000
7.000
8.000
9.000

10.000
11.000

0.4
0.463 0.746 0.889 g

g

a (g)
0.6 0.8 1.0

0 mm
10 mm
100 mm

Critical state

0.0

(a)

15.00
0.0 0.2 0.4 0.6 0.8 1.0

a (g)

17.00
19.00
21.00
23.00

Fr
eq

ue
nc

y 
(H

z)

25.00
27.00
29.00
31.00

0 mm
10 mm
100 mm

(b)

Figure 8: Continued.

8 Shock and Vibration



geometric size, respectively. In the process of seismic dy-
namic action, the soil mass of slope is in the combined state
of self-weight stress and dynamic shear stress, and the
horizontal shear strength of the soil element is controlled by
the Mohr–Coulomb criterion:

[τ] �

���������������������������������

1 + k0

2
σv sinφ + c cosφ 

2

+
1 − k0

2
σv 

2




, (10)

where σv is the normal compressive stress, φ is the internal
friction angle of soil, c is the cohesion of soil, and k0 is the
lateral pressure coefficient. /rough formula (10), the shear
strength of the top and bottom surfaces of the prototype and
model of the slope is calculated, and the average is taken as
the ultimate shear strength [τ].

Based on the above calculation method, S[τ] calculated
from the related parameters in Table 1 is 6.56, and Sa cal-
culated from equation (9) is 0.656. /e critical instability
acceleration of the prototype slope is converted from the
critical instability acceleration of the slope model, which
should be multiplied by similarity ratio Sa. /erefore, under
the condition of rainfall of 100mm, 10mm, and 0mm, the
critical acceleration of seismic instability of the prototype
slope should be 304 gal, 489 gal, and 581 gal, which indicates
that for low loess slope with a slope of 20°, the slope in-
stability would occur under the action of seismic ground
motion equivalent to 8 degrees of seismic intensity after
heavy rain, while the slope instability would occur under the
action of seismic ground motion equivalent to 9 degrees of
seismic intensity after light rain or no rainfall. /is result is
basically consistent with actual failure cases of slopes under
earthquake.

5.2. Calculation Method of Stability Factor Based on the
Shaking Table Test. /e critical acceleration of slope insta-
bility could be obtained in the shaking table test, but a
quantitative result for the slope stability could not be ob-
tained under the action of seismic ground motion below the

critical acceleration, and which is not convenient to compare
with the stability factor is calculated by the traditional limit
equilibrium method and the finite element strength re-
duction method, which bring a lot of inconvenience to the
application of the shaking table model test results in the
seismic design of slope.

/e shaking table test results of slope under three kinds
of rainfall conditions show that the strongest part of the PGA
amplification effect is in the slope shoulder area, which is
also the area where the soil damage is the most serious and
the slope model is the first to failure. /e transfer function
could reflect the internal dynamic characteristics of system,
and the first-order natural frequency and its corresponding
peak value and damping ratio calculated by the relative
acceleration transfer function of the slope shoulder would
increase or decrease with increase of dynamic loading
strength, which reveals the physical change process of slope
from soil damage generation to continuous accumulation
and then to slope failure. /erefore, the changes of the above
parameters can reflect the deformation evolution and failure
process of slope.

In the slope model test, the acceleration time history is
relatively accurate, reliable, and easy to measure. /rough
the spectrum analysis of the acceleration transfer function,
the first-order natural frequency and damping ratio of the
slope model can be obtained. Based on macroscopic damage
phenomenon of the slope model and the curve of spectrum
peak value of the transfer function changing with dynamic
loading strength, the critical instability acceleration acr can
be obtained. By substituting acr into the fitting formula of the
spectrum peak value of TF and the first-order frequency
changing with loading strength, the first-order natural
frequency fcr and the damping ratio λcr of the slope model in
the critical instability state can be obtained. Because the
natural frequency f of slope has the following relationship
with the shear wave velocity vs. of slope soil layer,

f �
Vs

4H
, (11)
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Figure 8: Variation of several parameters at A5 with dynamic loading intensity. (a) Peak value of transfer function spectrum. (b) Natural
frequency. (c) Damping ratio. (d) Amplification factor.
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where H is the slope height, so the shear wave velocity of
slope soil layer can be calculated according to the natural
frequency of slope. /ere is a positive correlation between
shear wave velocity and shear strength of soil [22], and the
normalized product of Vsi/Vscr and λi/λcr is used to represent
the strength reserve of soil; ai/acr is used to represent sliding
force, so the slope stability factor Fds under seismic action
can be expressed by the following formula:

Fds �
Vsi/Vscr(  × Di/Dcr( 

ai/acr( 
. (12)

Based on the calculated results of relevant physical
quantities of the shaking table test, through the shaking table
test results, the stability of the prototype loess slope can be
quantitatively predicted and evaluated. As shown in Fig-
ure 9, the stability factor of loess slope under different
rainfall conditions decrease nonlinearly with the increase of
loading (Figure 9(a)), which accord with the basic laws of
physical mechanics.

/e Fellenius method, which is one of the limit equi-
librium methods, is used to calculate the stability factor of
natural loess slope (0mm) under seismic ground motion,
and the results calculated by this method are compared with
those calculated by formula (12). As shown in Figure 9(b),
there are some differences between the results calculated by
formula (12) (curve 3) and those calculated by Fellenius
(curve1 and curve 2), and there are also significant differ-
ences between curve 1 and curve 3, while there is a slight
difference between curve 2 and curve 3. Curve 1 calculated
based on the potential sliding surface (Figure 10(b))
searched by the automatic arc search method of Fellenius
decreases linearly with the increase of loading, the solid line
of curve 1 is calculated based on Lizheng geotechnical
software (a software developed by Lizheng software com-
pany in China), and the dotted part is drawn according to

the fitting formula of the solid part. Curve 2 is calculated by
the Fellenius method based on the potential sliding surface
(Ldown, Lmid, and Lup in Figure 10(a)) in the shaking table
slope model test, which refers to the results of our previous
shaking table test [20], the stability factors (curve 2) and
formula (12) decrease nonlinearly with the increase of
seismic ground motion intensity, and the results of the two
methods are very close. /is shows that it is basically
practicable to apply formula (12) to evaluate the slope sta-
bility based on the results of the shaking table slope model
test. As for the difference of the slope stability factor caused
by different potential sliding surfaces of the Fellenius
method, it is not in the scope of this research, so it is not
discussed much. For the loess slope with rainfall of 10mm
and 100mm, the failure under earthquake involves the
complex mechanical mechanism [21, 22], so the Fellenius
method is not used to calculate the stability factor of the
slope for comparative analysis.

6. Discussion

In the loess slope model test, if the loess of prototype site is
used as the model material, the condition of similar mi-
crostructure would be satisfied to a certain extent. Under the
action of seismic ground motion, the seismic wave in the
slope model propagates in the form of stress wave from
bottom to top. /e microstructure of slope soil continues to
damage, the dynamic residual deformation gradually occurs
and accumulates, and the mechanical properties of soil
continue to deteriorate.When the dynamic loading reaches a
certain degree, the slope model would lose stability and
failure. /e peak value of transfer function spectrum, the
natural frequency of slope, and the damping of soil mass
could reflect the process from soil damage to slope insta-
bility, so the stability factor Fds based on these parameters
could reflect the degree of slope stability under seismic
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Figure 9: Slope stability factors calculated by different methods. (a) Stability factors with three rainfalls based on the shaking table test. (b)
Stability factors calculated by different methods.
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dynamic action. /e calculation method of slope stability
factor Fds mainly refers to the idea of calculating the stability
factor of slope by the strength reduction method of finite
element, and the theoretical basis of this method is different
from that of the traditional limit equilibrium method, so the
calculation results of the two methods would have some
differences. However, if the potential sliding surface ob-
tained from the shaking table test is used to calculate the
slope stability factor by limit equilibrium, the two results are
very similar; this shows that the calculation method of
stability factor Fds based on the shaking table test is prac-
ticable. For the important slope engineering, it is suggested
that the results of the shaking table test and other methods
should be combined to evaluate the seismic stability of the
slope, so as to get more reliable conclusions. But, the cal-
culation method proposed in this study based on the shaking
table model test is a simplified calculation method based on
the premise that the slope stability factor in critical state is 1,
so the method needs to be further verified and improved by
engineering practice, so as to make the costly shaking table
model test better serve the geotechnical earthquake engi-
neering, disaster prevention, and other works.

7. Conclusion

(1) In the shaking table model test of slope, the peak value
of TF spectrum, natural frequency of slope, and
damping ratio of soil would change regularly with the
increase of loading intensity. /erefore, the fitting
polynomial formula of these variables with seismic
ground motion intensity could be obtained. Referring
to the macroscopic failure phenomenon and related
instability criteria of the shaking table test, the ac-
celeration of critical instability of slope could be ac-
curately determined; the first-order natural frequency
of slope and damping ratio of soil mass under the
action of any seismic ground motion which is less
than the critical instability acceleration could be
calculated accurately based on the fitting formula.

(2) For the model test, loess slope failure is because of
the low cohesive strength of loess, which is difficult to
meet the requirements of similar design. When the
cohesive strength of soil is greater than the design
target value, higher loading intensity is needed to
achieve the stress state requirements of similar

behavior failure of the prototype and model.
/erefore, based on the behavior similarity theory of
the shaking table model test, the reductionmethod of
applying the critical instability acceleration obtained
from the model test to prototype slope is proposed
when the cohesion of model soil does not meet the
requirement of similarity ratio, which provides a
practicable way for predicting the critical instability
acceleration of loess slope under the action of seismic
ground motion.

(3) Considering the actual failure behavior of loess slope
models under three rainfall conditions, based on the
model dynamic parameters extracted from the TF
spectrum curve, a calculation method of loess slope
stability factor Fds value based on the shaking table
model test is proposed, which can be used to predict
the stability state of loess slope under different in-
tensities of seismic ground motion and provides a
reference way for seismic design of loess slope. /e
calculation method of the loess slope stability factor
based on the shaking table model test proposed in
this manuscript still needs to be testified in practice
and further improved, so that the expensive shaking
table model test can better serve the work of geo-
technical earthquake engineering and disaster
prevention.
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