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Abstract To investigate the seismic dynamic characteristics of the accumulation slope, a 16 

slope of the Zheduo Mountain tunnel along the Sichuan-Tibet Railway in China was selected 17 

as the prototype, based on dimensional analysis and similarity principle, two groups of model 18 

tests were carried out at 50° accumulation slope and 60° accumulation slope to obtain the 19 

dynamic response influenced by different amplitude of seismic wave. A transfer function 20 

analysis method suitable for shaking table test is proposed. Based on the data pretreatment 21 

method of eliminating trend terms and digital filter, the frequency response function was 22 

calculated by method of average periodic chart. And the variation of frequency response 23 

function was analyzed by Pearson correlation coefficient. At last, the least square iteration 24 

method was used for modal analysis. It is found that the transfer function changes obviously 25 

when both the slopes are destroyed, the weak interlayer has a significant influence on seismic 26 

wave transmission. The modal analysis results show that with the increase of the excitation 27 

intensity, the natural frequency decreases and the damping ratio increases. 28 

Key Word Earthquake, Slope, Sichuan-Tibet Railway, Modal analysis, Vibration 29 

Characteristics 30 

Introduction 31 

The high hill-river valleys in the southwest mountainous area of China are characterized by 32 

strenuous cutting, fractured rock mass, bad stability and even loose accumulation bodies are 33 

widely distributed. Under the impact of the collision between the Indian plate and the Eurasian 34 

plates, active fractures are densely distributed. There are frequent earthquakes and high 35 

intensity (Kumar et al., 2021), which are prone to induce large-scale landslides. When the slope 36 
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collapses, the sliding mass has strong kinetic energy and high speed movement (Shinoda et al., 37 

2017), which can quickly destroy the ground infrastructure (Singh et al., 2016). 38 

The characteristics of earthquake seismic response are one of the research hotspots in recent 39 

years. At present, scholars mainly studied from theoretical analysis, numerical simulation, 40 

model test, field observation and other means, which have made great achievements in the site 41 

parameters and ground motion characteristics of slope. The existing theoretical analysis 42 

methods for slope ground motion are mainly represented by limit analysis method 43 

(Michalowski, 2009; Michalowski et al., 2018), discontinuous deformation analysis 44 

(Beyabanaki et al., 2016; Yu et al., 2019) and pseudo-static method,  calculate the safety 45 

factor of slope, critical state of rupture and influencing factors of homogeneous soil; and 46 

numerical simulation method are represented by finite difference (Liu et al., 2004), finite 47 

element (Yin et al., 2019), discrete element (Valentino et al., 2008), etc. The result is superior 48 

to the calculation of the dynamic state of the slope and the related influencing factors (Assimaki 49 

et al., 2005; Paolucci, 2002; Pagliaroli et al., 2014). But both the theoretical method and the 50 

numerical simulation method have some shortcomings on the heterogeneous slope. Such as the 51 

boundary effect of heterogeneous slope is difficult to consider, and the convergence problem 52 

of numerical analysis, Trombetti et al (2002) analyzed the theoretical calculation results of 53 

structure vibration through the linear system, and confirmed the reliability of the shaking table 54 

test technology. Based on the above reasons, this paper chooses the shaking table test as the 55 

research method. 56 

In the Wenchuan earthquake that occurred in China, a large number of slope landslide 57 

damage occurred. As is shown in Fig.1, the slope angles of these slopes are different, resulting 58 



 

4 

 

in different forms of slope damage. As a typical type of slope with weak interlayer widely 59 

distributed, the failure of the accumulation slope is often due to the low elastic modulus and 60 

strength of the internal structure. Fan et al (2016) studied the shaking table of bedding and anti-61 

dip weak interlayer, in which the weak interlayer presented a low gradient with the horizontal 62 

surface, and analyzed the acceleration and spectral response results. 63 

Transfer function is one of the common methods used to analyze structural vibration signals, 64 

and some scholars have applied this method in engineering seismic response (Kojima et al., 65 

2015; Komoda et al., 2015; Sheng et al., 2012; Cui et al., 2012; Fan et al., 2017). Abundant 66 

achievements have been made in the researches, but it can be found that the research on transfer 67 

function of slope is not sufficient, and the calculation method of the transfer function is 68 

relatively simplified, also the relationship between multi-mode modes and the influence of 69 

noise is often ignored. 70 

Taking the actual slope along the Sichuan-Tibet Railway as a prototype, based on 1:10 71 

similar ratio for model and the prototype, two groups of the different gradient model slope were 72 

simulated earthquake by excitation signal. On the basis of signal processing, using the method 73 

of average periodic chart (Welch method) to calculate the acceleration frequency response 74 

function of the surface and inside of model slope. Using Pearson correlation coefficient to 75 

analyze the changes of the frequency response function after the different gradient of slope 76 

with the increase input of amplitude of earthquake ground motion. Using the least square 77 

iteration method to do the modal analysis, identifying the ground motion response 78 

characteristics of the slope. The research results are beneficial to the identification of seismic 79 

failure process and seismic study of the accumulation slope, and it can be extended to the 80 
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analysis of ground motion of heterogeneous slope.  81 

Overview of shaking table test 82 

In this paper, a slope of the Zheduo Mountain tunnel along the Sichuan-Tibet Railway in 83 

China is selected as the prototype, its slope is about 60 degrees, in order to compare, a group 84 

of 50° slope was used for the control experiment. 85 

Zheduo Mountain is located in Ganzi Prefecture, Sichuan Province. The altitude of the 86 

highest mountain is 4962 meters above sea level, and the notch is 4298 meters above sea level. 87 

The altitude difference between the Zheduo Mountain and Kangding City is 1,800 meters, 88 

which is the first high mountain notch that needs to be passed on the Sichuan-Tibet Railway. 89 

Therefore, it is known as the "First Pass of Kangba". The photo of Zheduo Mountain is shown 90 

in Fig.2. In terms of terrain, the region boundary is roughly on the west side of the pass from 91 

Lanniba, Yulongxi to Zheduo Mountain. It was divided into two parts: mountains and extreme 92 

mountains to the east, and mountain plains and western plateau canyons to the west. The 93 

mountains and extreme mountains on the eastern slope of the Daxue Mountain are high and 94 

with deep Dadu River, broken surface, steep valley slope, and the relative elevation difference 95 

of the valley is 1000m ~ 3000m. The western slope of the Daxue Mountain plateau, the 96 

elevation is about 4500m, the valley cut is shallow, while the top surface is open and smooth 97 

with lush water and grass. Zheduo Mountain is a vein of Daxue Mountain, which is an 98 

important geographical boundary. The west of the plateau uplift with Yalong River and the east 99 

of the alpine valley with Dadu River. The peak of the Zheduo Mountain is 4,962 meters above 100 

sea level, and the pass is 4,298 meters above sea level, with an altitude drop of 1,800 meters 101 
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from Kangding City. Due to the strong cutting of Minjiang River and Dadu River, the 102 

geographical landform of the Zheduo Mountain Line is characterized by large elevation 103 

difference, dense ravines, crossing mountains, dense trees and warm and moist climate, with 104 

typical characteristics of subtropical warm and humid valley.  105 

This paper is based on a typical accumulation slope at the entrance of Zheduo Mountain 106 

tunnel. According to the data recorded by China Earthquake Networks, since 2012, this area 107 

has been affected by approximately 204 earthquakes of 2.0≤ MS ≤8.0 (see Fig.3), most of them 108 

are small earthquakes. A large number of frequent small earthquakes will cause a large amount 109 

of damage and damage to the inside of the slope, providing conditions for large-scale collapse 110 

in the later period, and thus seriously affecting the construction safety of the Zheduo Mountain 111 

Tunnel. Therefore, it is urgent to research the dynamic feature of the slope under earthquake to 112 

provide technical support for slope disaster prevention and control along the Sichuan-Tibet 113 

Railway. 114 

Similar system 115 

The model similarity system adopted in this paper is implemented by the similar three 116 

theorems (Yuan, 1998). It is believed that the parametric relations of the implementation 117 

phenomenon can be converted into a function of the similarity criterion under the condition 118 

that the similarity phenomenon satisfies. It is the same as the function of the similarity 119 

phenomenon, also called π-theorem (Curtis et al., 1998), that is namely Equation (1) and 120 

Equation (2)： 121 𝑓(𝑎1, 𝑎2, … … , 𝑎𝑘, 𝑎𝑘+1, 𝑎𝑘+2, … … , 𝑎𝑛)=0                  （1） 122 

𝐹(𝜋1, 𝜋2, … … , 𝜋𝑛−𝑘)=0                          （2） 123 
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In equation (1), 𝑎1, 𝑎2, … … , 𝑎𝑘are the elementary quantity, and 𝑎𝑘+1, 𝑎𝑘+2, … … , 𝑎𝑛are the 124 

derived quantity. In equation (2), 𝜋1, 𝜋2, … … , 𝜋𝑛−𝑘  Dimensionless constant. The matrix 125 

method can be used to derive the similarity criterion of the physical model, is shown in Table 126 

1. Among them, Geometric scale is L; gravitational acceleration is g; cohesion is c; dynamic 127 

elastic modulus is E; internal friction angle is φ; dynamic Poisson's ratio is μ; gravity is γ; shear 128 

wave velocity is υs; input acceleration is A; duration is Td; frequency is ω; angular displacement 129 

is θ; linear displacement is s; response speed is V; response acceleration is a; stress is σ; strain 130 

is ε.  131 

In the case that phenomena and similar phenomena can be expressed as same functions. 132 

Those which can be regarded as similar if they have similar individual parameters and equal 133 

similarity criteria. According to the above criteria, the similarity relationship of the main 134 

physical quantities in the model adopted in this paper, as is shown in Table 2. 135 

Test device and model 136 

This experiment adopted large one-way seismic simulation shaking table to simulate, the 137 

model box floor and skeleton material is mainly composed of steel plate, gradient steel, iron 138 

channel, to facilitate the observation and record in the test process of the model of slope 139 

deformation and failure phenomena, and the model box is visualized with 12mm optical 140 

plastics on both sides. Apply vaseline evenly between optical plastics and model to reduce 141 

friction. Using a 10 cm thick foamed polyethylene to reduce boundary effect between model 142 

and boundary. The bottom board of the model box is adhesive stone columns with epoxy resin 143 

to make it a rough surface to reduce the relative displacement between the model box and the 144 

model contact surface. 145 
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To satisfy the needs of the experiment, taking the slope relying on engineering drilling data 146 

as the background, this paper adopted two kinds of gradients natural slope model, 50° and 60° 147 

respectively. And the model of total 1.5 m high, 1.2 m high of side slope. To adapt the 148 

characteristics of side slope, the side slope model is 2.21 m at the bottom, the vertical section 149 

of the model is consistent with a width of 2m, the bedrock is 0.25m high. The weak interlayer 150 

is covered on the bedrock with a thickness of 5 cm, and the accumulation mass is covered on 151 

the weak interlayer. The basic physical parameters of the test model material can be obtained 152 

through laboratory tests, as is shown in Table 3.  153 

The test model was made on site. In the process of filling the model, it was filled layer by 154 

layer and bottom-up, with one density test for each fill of 20 cm. And compaction was carried 155 

out by artificial vibration, that is, the central part and boundary of the model were compacted 156 

by artificial compaction to ensure the compaction quality, as shown in Fig.4.The overall model 157 

is shown in Fig.5, the gradient is the angle between the overlying accumulation body and the 158 

level surface. The layout of the measuring point adopted in this paper is shown in Fig.6, as it 159 

shows, it mainly divided into two categories, the acceleration sensor distribution in free field, 160 

central slope surface, the interface between bedrock and weak interlayer, the interface from 161 

weak interlayer to accumulation body as well as the free field. And displacement sensors are 162 

mainly distributed at the top, middle and bottom slope surface, sensor sampling frequency is 163 

1000 Hz. 164 

Loading cases and measuring points layout 165 

The white noise and seismic wave were simulated by inputting acceleration time histories in 166 

shaking table, and the loading direction was horizontal along the slope surface. In this paper, 167 
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the input for the two groups of shaking table tests includes the following working conditions, 168 

as shown in Table 4. In the table, white noise comes from measured data, as shown as Fig.7, 169 

the first loading of white noise was mainly to reduce the random disturber and transient effect. 170 

After loading was to scan the slope as a whole by loading white noise while reducing the 171 

transient effect, so as to analyze the structural characteristics by using the transfer function 172 

method, the seismic wave contains: Wenchuan wave, Kobe wave and EL Centro wave. The 173 

amplitude normalization of the earthquake waveform loaded in this paper is shown in Fig.8~10.  174 

Slope failure phenomenon 175 

In the seismic wave loading process of the two groups of shaking table tests, the HD camera 176 

system was used to shoot the phenomenon. The test results showed that the 50° slope had 177 

obvious failure when the input Wenchuan wave peak acceleration was 0.6g, while the 60° slope 178 

had the relatively similar phenomenon when it was 0.5g. The test phenomenon was shown in 179 

Fig.11~12. The two groups of slope failure phenomena are similar, in which the debris flow 180 

occurred in the deposited mass when the slopes were destroyed. At the same time, the slope 181 

surface was partially deformed. The slope was greatly deformed and a large amount of debris 182 

flow was generated when the 60° slope is destroyed. The slope surface was deformed a lot, 183 

generating a lot of debris flow. Obvious back edge expansion crack appeared at the top of the 184 

accumulation mass of the two groups of slopes. According to the monitoring data of 185 

displacement sensors, as Fig.13 shows, the top displacement of the 60° slope is larger, and the 186 

bottom displacement of the 50° slope is larger, but its displacement change trend is similar. It 187 

means that slope failure mainly occurs along the weak interlayer plane in the overall collapse. 188 

In addition, the displacement monitoring data of the slopes shows that the slopes of the two 189 



 

10 

 

slopes have a "step-off" change curve, which is consistent with the two energy fluctuations in 190 

the Wenchuan earthquake waveform. According to the video and sensor monitoring data, the 191 

failure stages of the slope under both working conditions are as follows: first, the slope surface 192 

appeared cracks and deforms, the accumulation body squeezed the weak interlayer and 193 

develops downward, and cracks may appear between the accumulation mass and the weak 194 

interlayer. Subsequently, the movement of superstructure (accumulation mass) and 195 

substructure (weak interlayer and bedrock) were gradually inconsistent during the earthquake. 196 

Finally, the movement of the superstructure was greater than that of the substructure, and tensile 197 

cracks appeared at the back edge of the accumulation body (Moore et al., 2011), at the same 198 

time, the cracks in the interface gradually developed and broke through the locked section, and 199 

finally the overall failure occurred, as Fig.14 shows. 200 

 Calculation method of seismic transfer function of slope 201 

Transfer function is the main methods to study control theory, which embodies the 202 

transformation relationship between input signal and output signal, and theoretically is 203 

irrelevant with input parameters. In structural dynamics, the transfer function can describe the 204 

motion law of the structure and analyze the dynamic characteristics and stability of the system. 205 

Structural seismic frequency response function 206 

In a single-degree-of-freedom linear structure, its non-time-dependent vibration motion 207 

equation is written as Equation (3): 208 𝑎𝑥(𝑡) + 𝑏�̇�(𝑡) + 𝑐�̈�(𝑡) = 𝑓(𝑡)                      （3） 209 

Among them, 𝑥(𝑡)、�̇�(𝑡)  and �̈�(𝑡)  are the displacement, speed and acceleration time 210 
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histories of the point particle respectively. And 𝑎、𝑏 and 𝑐 are all constants and determined 211 

by the initial state of the object. The Laplace-transformation of Equation (3) is Equation (4): 212 (𝑠2 + 2𝜉𝜔0𝑠 + 𝜔02)𝑋(𝑠) = 𝐹(𝑠)𝑐                      （4） 213 

Where, 𝑠 is a complex variable, above equations are equivalent to the Fourier transform 214 

when 𝑅𝑒(𝑠) = 0, and 𝜔0 is the inherent circular frequency of the structure. 215 

Let 𝑋(𝑠)  and 𝐹(𝑠)  be the displacement and displacement exerted on the structure 216 

respectively, then the Laplace-transforms of the two are Equations (5) and (6) respectively: 217 𝑋(𝑠) = ∫ 𝑥(𝑡)𝑒−𝑠𝑡d𝑡+∞0                         （5） 218 𝐹(𝑠) = ∫ 𝑓(𝑡)𝑒−𝑠𝑡d𝑡+∞0                         （6） 219 

After dividing the above equations, the displacement transfer function of the structure can 220 

be obtained as Equation (7):  221 𝐻𝑑(𝑠) = 1𝑐(𝑠2+2𝜉𝜔0𝑠+𝜔02)                        （7） 222 

In the above Equation (7), 𝜉  is the damping ratio. Similarly, velocity transfer function 223 

Equation (8) and acceleration transfer function Equation (9) can be obtained: 224 𝐻𝑣(𝑠) = 𝑠𝑐(𝑠2+2𝜉𝜔0𝑠+𝜔02)                        （8） 225 𝐻𝑎(𝑠) = 𝑠2𝑐(𝑠2+2𝜉𝜔0𝑠+𝜔02)                        （9） 226 

From the above formula, the transfer function is a complex-valued function, which is 227 

represented as a curved surface in the Laplace Domain. Therefore, frequency response analysis 228 

and root locus method are often used to describe the transfer function in practical applications, 229 

among which the former is the main approach. Due to space limitation, taking the displacement 230 

frequency response function as an example, Equation (7) can be written in the frequency 231 

domain as Equation (10): 232 
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𝐻𝑑(𝜔) = 𝑗𝜔𝑐(𝜔02−𝜔2+2𝑗𝜉𝜔0𝜔)                     （10） 233 

Considering that the initial state of the structure is stationary under the action of earthquake, 234 

the real part is 0, and the imaginary part is angular frequency. The frequency domain response 235 

of the structure under the action of earthquake is shown in Equation (11): 236 𝑋(𝜔) = ∫ 𝑥(𝑡)𝑒−𝑖𝜔𝑡d𝑡+∞−∞                       （11） 237 

Where, 𝜔 is the angular frequency variable, 𝑋(𝜔) is the complex function of 𝜔, 𝑥(𝑡) is 238 

the vibration signal, 𝑖 is the imaginary number. Taking frequency as independent variable, the 239 

real part of can be expressed as the real frequency curve of the signal, and the imaginary part 240 

of can be expressed as the virtual frequency curve of the signal. 𝑋(𝜔) can be expressed in the 241 

module and vector form as Equation (12): 242 𝑋(𝜔) = |𝑋(𝜔)|𝑒−𝑖𝜃(𝜔)                       （12） 243 

Taking frequency as an independent variable, |𝑋(𝜔)| can be expressed as the amplitude-244 

frequency curve of the signal, and 𝜃(𝜔) as the phase-frequency curve of the signal. 245 

Substituting Equation (10) into Equation (12), its amplitude versus frequency and phase 246 

frequency are Equation (13) and Equation (14) respectively: 247 |𝐻𝑑(𝜔)| = 1𝑐√(𝜔02−𝜔2)2+(2𝜉𝜔0𝜔)2                  （13） 248 𝜑(𝜔) = arc tan −2𝜉𝜔0𝜔𝜔02−𝜔2                       （14） 249 

Take |𝐻𝑑(𝜔)|  to 𝜔  to calculate the extreme value. Since 𝜉  is small, it is generally 250 

considered as 0.05 in engineering. Then, the frequency corresponding to the peak amplitude 251 

versus frequency is shown in Equation (15): 252 𝜔0′ = 𝜔 = 𝜔0√1 − 2𝜉2 ≈ 𝜔0                  （15） 253 

At this point, 𝜔0 is believed to be the natural circular frequency, and modal analysis can be 254 
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performed accordingly. If 𝑎, 𝑏 and 𝑐 in Equation (3) are replaced by system mass matrix 255 [𝑀], damping matrix [𝐶], and stiffness matrix [𝐾], modal identification can be carried out 256 

accordingly. 257 

According to the above theory, the transfer function method represents the ratio of input and 258 

output. And the frequency response function method is a subset of the transfer function method 259 

and is the ratio of response to incentive. Therefore, it is suitable for the analysis of nonlinear 260 

random vibration signals represented by earthquakes. 261 

Data pre-processing 262 

In the shaking table test, due to the existence of various kinds of interference, it is often 263 

necessary to pre-process the vibration signal to make the sampling frequency as close to the 264 

true value as possible. In this paper, the eliminating trend term and digital filter are used to pre-265 

process the collected data. 266 

The polynomial least-squares is commonly used to eliminate the trend term, and the order 267 

of eliminating trend term adopted in this paper is order 5. 268 

In the model test, as the collected disperse cosine signals contain a variety of sources, digital 269 

filter is needed to filter out the noise or false components in the test signals. In this paper, taking 270 

FIR filters and implemented through the window method. In order to pay attention to the 271 

different contributions of each frequency component in different frequency bands, taking the 272 

Hanning window can widen the major lobe and the side lobe can offset each other to the 273 

maximum extent to get more effective suppression of leakage. Therefore, the Hanning window 274 

is selected in this paper, and its calculation formula is Equation (16):  275 
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𝜔(𝑡) = { 1+cos𝜋𝑡𝑇2   (0 ≤ 𝑡 ≤ 𝑇)0           (𝑡 > 𝑇)                      （16） 276 

Frequency response function calculation 277 

The transfer function calculation for random vibration signals is usually realized by the 278 

power spectral density function (Jin et al., 2020), which is the Fourier transform of the signal 279 

auto-correlation function. In this paper, the average periodic diagrams (Welch method) is used 280 

to calculate it. The frequency response function is calculated as the quotient obtained by 281 

dividing the cross-power spectral density function 𝑆𝑥𝑦(𝑘)  of the excitation signal and the 282 

corresponding signal by the self-rate spectral density function 𝑆𝑥𝑥(𝑘) of the excitation signal, 283 

that is Equation (17) : 284 𝐻(𝑘) = 𝑆𝑥𝑦(𝑘)𝑆𝑥𝑥(𝑘)                             （17） 285 

Where, 𝑆𝑥𝑦(𝑘) and 𝑆𝑥𝑥(𝑘) are defined as Equations (18) and (19) respectively: 286 𝑆𝑥𝑦(𝑘) = 1𝑀𝑁𝐹𝐹𝑇 ∑ 𝑋𝑖(𝑘)𝑀𝑖=1 𝑌𝑖∗(𝑘)                    （18） 287 𝑆𝑥𝑥(𝑘) = 1𝑀𝑁𝐹𝐹𝑇 ∑ 𝑋𝑖(𝑘)𝑀𝑖=1 𝑋𝑖∗(𝑘)                    （19） 288 

In the above formula, 𝑋𝑖(𝑘) and 𝑌𝑖(𝑘) are the Fourier transform of the 𝑖th data segment 289 

of one or two random vibration signals.  𝑋𝑖∗(𝑘)  and 𝑌𝑖∗(𝑘)  are the conjugate complex 290 

numbers of 𝑋𝑖(𝑘) and 𝑌𝑖(𝑘) respectively. And 𝑀 is the average degree. 291 

In this paper, the sampling frequency was taken as 1000Hz, the fast Fourier transformation 292 

(FFT) length was set as 2048. The excitation signal was the acceleration signal collected by the 293 

measuring point A0, and the results were analyzed according to the distribution of measuring 294 

points at different positions. It can be seen from Equations (11) that the frequency response 295 

function can be represented by real frequency and imaginary frequency or amplitude versus 296 
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frequency and phase. The former is more often used in use. The data frequency collected in 297 

this paper is 1000Hz, and high-frequency sampling leads to a wide frequency range of random 298 

interfering signals, which accounts for a large proportion. Therefore, there are many glitches 299 

after the collected data are plotted, which are not smooth, data smoothing can eliminate burrs 300 

and the influence of higher-order trend terms can also be eliminated. The data smoothing 301 

method selected in this paper is the five-spot triple smoothing method, because it can smooth 302 

the signal in both time domain and frequency domain, effectively reduce the high-frequency 303 

random noise. When analyzing the frequency response function, the intersection of the real 304 

frequency characteristic curve and the frequency axis of the multi-degree of freedom system is 305 

prone to horizontal movement. Under the influence of near modes, the imaginary frequency is 306 

usually used for analysis. Pearson correlation coefficient can be used to analyze the variation 307 

of frequency response function, currently, the commonly used judgment criteria in the 308 

engineering field were shown in Table 5. 309 

Seismic response analysis of slope based on transfer function 310 

Slope surface measuring point 311 

The acceleration of the measuring point A0 was taken as the excitation signal. The point A1 312 

in the middle of the slope surface was selected as the response signal to calculate the frequency 313 

response function after the input of seismic waves of different excitation intensity. The results 314 

were shown in Fig.15 and Fig.16. It can be clearly observed from Fig.15 that, when the 50° 315 

slope is loaded, the real frequency and imaginary frequency parts of the frequency response 316 

function of A1 measuring point are relatively similar before the excitation intensity is 0.5g. 317 
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While the real frequency and imaginary frequency parts of the loaded seismic wave change 318 

obviously after the excitation intensity is 0.5g, both the real frequency and the imaginary 319 

frequency parts of the first-order natural frequency become smaller. The increase of the 320 

amplitude of the signal fluctuation indicates that the structure appears damage deformation in 321 

the signal transmission from measure point A0 to measure point A1. The Fig.16 shows that as 322 

the excitation intensity increases, frequency response function of the measured points A1 of 60° 323 

slope has changed, real frequency and the imaginary frequency part of the first order natural 324 

frequency and the corresponding amplitudes were gradually reduced. Before the excitation 325 

intensity was 0.4g, the variation rules of the real frequency and the imaginary frequency parts 326 

were similar of 60° slope, and the frequency response function changed significantly when the 327 

excitation intensity was 0.4g and 0.5g. 328 

Taking the frequency response function of the point A1 on the slope surface when the 329 

excitation intensity is 0.1g as the reference. With the excitation intensity increases, the variation 330 

law of the correlation coefficient of the frequency response function shown in Fig.17. 331 

According to the definition of correlation coefficient, both the real frequency and the imaginary 332 

frequency of a 50° slope are greater than 0.8 before the excitation intensity is 0.6g, which 333 

indicates a high correlation. Thereafter, the correlation coefficient decreased significantly and 334 

was less than 0.8. Similarly, the real frequency and imaginary frequency parts of 60° slope are 335 

highly correlated before the excitation intensity is 0.4g, when the excitation intensity is 0.4g, 336 

the correlation coefficient of 60° slope will be severely reduced, however, the slope surface 337 

will not be damaged until the excitation intensity is 0.5g. This indicates that cracks may have 338 

appeared in the structure when the excitation intensity is 0.4g. By comparison, it can be seen 339 
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that the frequency response function of the 60° slope decreases more sharply than that of the 340 

50° slope, which is consistency with the failure phenomenon of the slope. 341 

Effects of the weak interlayer 342 

Similarly, the frequency response functions of the accelerations at points A2 to A5 on both 343 

sides of the weak interlayer of the slope were calculated based on the accelerations at points 344 

A0. The correlation coefficient of the frequency response function of the above measurement 345 

points for 50°slope and 60°slope can be calculated based on the excitation intensity is 0.1g, as 346 

shown in Fig.18 and Fig.19. In Fig.18, the real frequency part of each measuring point is 347 

relatively similar. In the case of slope failure, the imaginary frequency correlation coefficient 348 

of both the point A2 and the point A4 are < 0.8. The real frequency correlation coefficient of 349 

the A4 measuring point is the smallest. In terms of the correlation coefficient of the imaginary 350 

frequency part, each measurement point is obviously different, which is shown as A2 < A3, A4 351 

< A5, and A2 < A4. The phenomenon shows that the signal changes significantly after the 352 

seismic wave passes through the weak interlayer, leading to the occurrence of motion 353 

inconsistency. The failure of the slope is due to the penetration of the fracture from the point 354 

A2 to the point A4, rather than the development of the fracture at the back edge of the top of 355 

the slope. Fig.19 shows that the variation trend of the correlation of the frequency response 356 

function of the 60° slope is similar to that of the 50° slope. The real frequency part changes 357 

little and the law is not obvious, so it should be affected by the near modes. The change of 358 

imaginary frequency is more obvious, in which the correlation coefficient of point A2 point is 359 

less than that of point A4. It indicates that the crack in the slope body evolves from the lower 360 

part to the upper part and is still a traction landslide, which is inconsistent with the surface 361 
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displacement of the slope and may be due to the movement form of the accumulation body. 362 

The correlation coefficient of point A3 is lower than that of point point A2, which may be due 363 

to the large own weight of the deposited mass at point A2, structure center is at the front, the 364 

seismic wave transmission first arrives at point A2 and then arrives at point A3. In addition, the 365 

correlation coefficient is less than 0.4 when the excitation intensity is 0.5g, it should be caused 366 

by the signal fluctuation after the structure is damaged and cracks appear. 367 

It can be seen from the above phenomena that the sliding of the experimental slope is mainly 368 

due to the occurrence of cracks between the accumulation mass and the weak interlayer caused 369 

by the earthquake. The obvious movement of the bedrock and the accumulation mass is 370 

inconsistent. Under the horizontal force of the earthquake and the gravity along the weak 371 

interlayer zone, the cracks between the soil are constantly expanding, the of the “anchor section” 372 

shear surface is broken, the cracks gradually develop and extend, and finally the penetration 373 

cracks appear, and the slope collapses. It can be expressed as shear-slide-fall type, which 374 

belongs to traction landslide. 375 

Modal analysis 376 

The frequency response function can also be used for modal analysis of vibration signals. 377 

The white noise input in this test can be regarded as the environmental excitation, therefore, 378 

white noise can be used to identify the modal parameters of the vibration signal. The lowed 379 

recognition accuracy can be avoided by avoiding the signal side-lope and low resolution in the 380 

ground motion response signal, currently, the methods commonly used in modal analysis 381 

include the half-power bandwidth method, the admittance circle method, etc, the former is 382 
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based on the single-degree-of-freedom structure, the latter only uses the least square rationale 383 

to estimate the radius or mode shape of conductance circle (Nyquist plot). The least-square 384 

iteration method is a classical solution method based on analytic expressions to numerically fit 385 

the real frequency response function data, it can obtain the best fitting between the test data 386 

and the mathematical model in the sense of the least square. The calculation formula is shown 387 

in Equation (20). 388 𝐻𝑝𝑞(𝜔) = − ∑ ( 𝐴𝑖𝑝𝑞𝑗𝜔−𝑠𝑖 + 𝐴𝑖𝑝𝑞∗𝑗𝜔−𝑠𝑖∗)𝑁𝑖=1 𝜔2                 （20） 389 

Among them, N is the free degree of structure, 𝑠𝑖 and 𝐴𝑖𝑝𝑞 are polar points and remained 390 

number of the i-th mode of frequency response function, and 𝑠𝑖∗ and 𝐴𝑖𝑝𝑞∗  are the conjugate 391 

complex numbers of the first two. By substituting equation (23) into equation (8) and setting 392 

the initial damping factor as 0.05, the vibration coefficient, eigen frequency 𝜔𝑖 and damping 393 

ratio 𝜉𝑖 of each mode can be calculated. In this paper, A1 is taken as the target to represent the 394 

overall mode of the slope, the frequency of the first 3 order frequency response function is 395 

taken for identification. As shown in Fig.20, according to the fitting curve of the test condition 396 

under the failure state, the calculated results are close to the measured results. 397 

Fig.21 shows the vibration coefficients of the first three modes obtained by calculation. It 398 

can be seen from the Fig.21 that the vector of the first vibration mode of the two groups of 399 

slopes is significantly larger than that of the second and the third. This indicates that the slope 400 

vibration is mainly controlled by the first mode of vibration. However, the magnitude of the 401 

second mode vector of the in some cases under excitation intensity is large, and it means that 402 

the seismic mode of the slope under this gradient is relatively complex and can be regarded as 403 

having two degrees of freedom. Represented by two groups of measuring points on the slope 404 
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surface, the natural frequency and damping ratio of the first mode (main mode) of the slope in 405 

the measured group were calculated and observed. It is worth mentioning that, empirically, 406 

some scholars believe that it is spurious mode when the damping ratio>20%. However, due to 407 

the large discreteness of soil and the wide frequency band of white noise, the calculated 408 

damping ratio will be larger, therefore, this paper believes that the calculated results are reliable 409 

in trend. It can be seen from Fig.22 that, with the increase of the excitation intensity, the natural 410 

frequency of the slope was decreases in trend. Assume that the weight of the test model will 411 

not change when the damping ratio is not taken into account, the reduction of the natural 412 

frequency indicates that the lateral stiffness of the structure decreases. The increase in the 413 

damping ratio indicates that cracks and expansion occurred in the test model, resulting in 414 

increase of friction between soils and enhanced energy absorbing action, therefore, the damping 415 

ratio increases. Meanwhile, under the same intensity seismic wave, the comparison shows that 416 

the damping ratio of a 60° slope is higher than that of a 50° slope, the 60° slope natural 417 

frequency is less than that of the 50°slope, indicating that the higher the gradient is, the less the 418 

anti-lateral stiffness will be, while the internal friction of soil mass will be more obvious. 419 

Conclusions 420 

This paper is based on a typical accumulation slope at the entrance of Zheduo Mountain 421 

tunnel, shaking table model tests of the 50° accumulation slope and 60° accumulation slope 422 

respectively were carried out. The displacement and acceleration of the slope were tested, the 423 

dynamic characteristics of the measuring point were analyzed using the transfer function, and 424 

the modal analysis was carried out. The main conclusions are as follows: 425 
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(1) Under the action of earthquake, the failure of the overlying slope is mainly the overall 426 

collapse along the weak interlayer zone, the slope displacement of the slope is relatively 427 

consistent. At the same time, debris flow was generated on the slope surface. The 50° slope 428 

was destroyed when the peak acceleration of Wenchuan earthquake wave was 0.6g, the 60° 429 

slope was destroyed when the peak acceleration of Wenchuan earthquake wave was 0.5g. At 430 

the top of the accumulation mass, there were obvious expanding cracks at the back edge. 431 

(2) Based on the data pre-processing and average periodic diagrams method, the transfer 432 

function can be calculated and reflecting the vibration characteristics of the accumulation slope. 433 

Pearson correlation coefficient and modal analysis can be used to analyze the structural 434 

characteristics reflected by the transfer function. The analysis method can be well applied to 435 

the slope shaking table test. 436 

(3) The frequency response function of accumulation slope can be analyzed from two aspects: 437 

slope surface and slope interior. Based on the frequency response function by white noise 438 

scanned after the excitation intensity is 0.1g, on the slope surface, the correlation coefficient 439 

50° slope significantly decreased and was destroyed after the excitation intensity is 0.6g, while 440 

the correlation coefficient of 60°slope significantly decreased after the excitation intensity is 441 

0.4g, failure will not occur until the excitation intensity is 0.5g. With the increase of the 442 

excitation intensity, the correlation coefficient of the 60°slope is lower than that of 50° slope 443 

and drop more. The correlation coefficient of the slope failure are all < 0.8. Inside the slope, 444 

the correlation coefficient of frequency response function at the point A2 decreased less than 445 

that at the point A4, it means that the crack in the slope developed from the lower part to the 446 

upper part, the correlation coefficients between point A2 and point A3, point A3 and point A4 447 
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were significantly different, and it shows that the weak interlayer had a significant influence 448 

on seismic wave transmission. Based on the slope displacement and frequency response 449 

function, it can be seen that the slope in this test is retrogressive failure under the action of 450 

earthquake. 451 

(4) Using the least-square iteration method to analyze the frequency response function can 452 

be used for the modal identification and analysis of accumulation slope. Represented by the 453 

point on the slope surface, the two groups of slopes are mainly affected by the first mode and 454 

second mode of vibration. With the increase of the excitation intensity, the post-earthquake 455 

damping ratio of 50°slope increased more on the 60°slope, and the natural frequency of 456 

60°slope decreased more on 50°slope. 457 
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(a) Wangjiayan Landslide 530 

 531 

(b) The Baocheng Railway 109 tunnel collapsed  532 

Fig.1 Site of landslide caused by Wenchuan earthquake 533 

 534 

Fig.2 The landform of the Zheduo Mountain 535 
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Fig.3 Historical seismogenic situation near the slope supporting project 537 
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  538 

                (a) Model filling                    (b) Physical parameter test 539 

Fig.4 Model preparation 540 

 541 

（a）50° Slope  542 

  543 
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（b）60° Slope 544 

Fig.5 Overall diagram of test model 545 

 546 

 547 

Fig.6 Layout of the measuring points, β is 50° or 60°（unit: cm） 548 
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(b) Fourier spectrum 552 

Fig.7 White noise wave 553 
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(b) Fourier spectrum 557 

Fig.8 Wenchuan seismic wave 558 
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(b) Fourier spectrum 562 

Fig.9 Kobe seismic wave 563 
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(a) Acceleration time history  565 
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(b) Fourier spectrum 567 

Fig.10 EL Centro seismic wave 568 
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 569 

(a) Slope deformation  570 

 571 

(b) Slope cracks and deformation  572 

Fig.11 50° slope failure phenomenon  573 

  574 



 

32 

 

(a) Slope deformation  575 

  576 

(b) Slope cracks and deformation 577 

Fig.12 60° slope failure phenomenon 578 
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Fig.13 Slope surface displacement  580 

   581 

Fig.14 Diagrammatic drawing of slope collapse  582 
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（a）Real frequency  584 
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（b）Imaginary frequency 586 

Fig.15 Frequency response function of measuring point A1 of 50°slope  587 
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（b）Imaginary frequency 591 

Fig.16 Frequency response function of measuring point A1 of 60°slope 592 
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Fig.17 Frequency response function of measuring point A1 of 60°slope  594 
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Fig.18 Frequency response function of measuring point A2-A5 of 50° slope 596 



 

35 

 

0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

 A2 Real frequency

 A2 Imaginary frequency

 A3 Real frequency

 A3 Imaginary frequency

 A4 Real frequency

 A4 Imaginary frequency

 A5 Real frequency

 A5 Imaginary frequency

C
o
rr

el
a
ti

o
n

 c
o
ef

fi
ci

en
t

Input wave peak acceleration(g)  597 

Fig.19 Frequency response function of measuring point A2-A5 of 60° slope 598 
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(a) 50°Slope after input of 0.6g peak acceleration seismic wave  600 
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(b) 60° Slope after input of 0.5g peak acceleration seismic wave 602 

Fig.20 Imaginary frequency modal identification results of point A1s at slope failure  603 
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（a）50° slope  605 
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（b）60° slope 607 

Fig.21 The first three modes of vibration after the earthquake of the slope 608 
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Fig.22 Post-earthquake damping ratio and natural frequency of slope  610 

Table 1 Similarity criterion derived by matrix method 611 

Physical 

quantity 

Target volume 

c 

a2 

φ 

a3 

E 

a5 

μ 

a6 

υs 

a7 

g 

a8 

A 

a9 

Td 

a10 

s 

a12 

θ 

a13 

ε 

a14 

σ 

a15 

V 

a16 

a 

a17 

L 

a1 

γ 

a4 

ω 

a11 
Relationship 

π1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 -1 0 π1=c/Lγ 

π2  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 π2=φ 

π3   1 0 0 0 0 0 0 0 0 0 0 0 -1 -1 0 π3=E/Lγ 

π4    1 0 0 0 0 0 0 0 0 0 0 0 0 0 π4=μ 

π5     1 0 0 0 0 0 0 0 0 0 -1 0 -1 π5=υs/Lω 

π6      1 0 0 0 0 0 0 0 0 -1 0 -2 π6=g/Lω2 

π7       1 0 0 0 0 0 0 0 -1 0 -2 π7=A/Lω2 

π8        1 0 0 0 0 0 0 0 0 1 π8=Tdω 

π9         1 0 0 0 0 0 -1 0 0 π9=c/Lγ 

π10          1 0 0 0 0 0 0 0 π10=θ 

π11           1 0 0 0 0 0 0 π11=ε 

π12            1 0 0 -1 -1 0 π12=σ/Lγ 

π13             1 0 -1 0 -1 π13=V/Lω 

π14              1 -1 0 -2 π14=a/Lω2 

Table 2 The similarity ratio of main physical quantities in the test model  612 

Physical quantities Symbols and relation expression Similitude parameter 

Geometry 𝐿 𝐶𝐿 10 

Soil weight 𝛾 𝐶𝛾 1 

Duration 𝑇𝑑 𝐶𝑇𝑑 = 𝐶𝐿0.5
 3.16 

Cohesion 𝐶 𝐶𝐶 = 𝐶𝐿 10 

Internal friction angle 𝜑 𝐶𝜑 = 1 1 

Dynamic modulus of elasticity 𝐸 𝐶𝐸 = 𝐶𝐿 10 
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Poisson ratio 𝜇 𝐶𝜇 = 1 1 

Shear wave velocity 𝑉𝑠 𝐶𝑉𝑠 = 𝐶𝐿0.5
 3.16 

Gravity accelerometer 𝑔 𝐶𝑔 = 1 1 

Input vibration frequency 𝜔 𝐶𝜔 = 𝐶𝐿0.5
 0.316 

Input acceleration 𝐴 𝐶𝐴 = 1 1 

Output acceleration 𝑎 𝐶𝑎 = 1 1 

Table 3 Material parameters  613 

Structure type Density（g/cm3） Cohesion（kPa） Internal friction angle（°） 

Accumulation mass 1.908 1.55 37.9 

Weak interlayer 1.72 0.27 41.7 

Bedrock 2.206 43 38.91 

Table 4 Loading cases included in the test  614 

50°slope 60°slope 

Peak 

accelerations 

Type of 

input wave 

Excitations 

peak 

accelerations 

Type of 

input wave 

Excitations 

peak 

accelerations 

Type of 

input wave 

Excitations 

peak 

accelerations 

Type of 

input wave 

0.05g 
White 

noise 
0.05g 

White 

noise 
0.05g 

White 

noise 
0.05g 

White 

noise 

0.1g 
Earthquake 

wave 
0.4g 

Earthquake 

wave 
0.1g 

Earthquake 

wave 
0.4g 

Earthquake 

wave 

0.05g 
White 

noise 
0.05g 

White 

noise 
0.05g 

White 

noise 
0.05g 

White 

noise 

0.2g 
Earthquake 

wave 
0.5g 

Earthquake 

wave 
0.2g 

Earthquake 

wave 
0.5g 

Earthquake 

wave 

0.05g 
White 

noise 
0.05g 

White 

noise 
0.05g 

White 

noise 
  

0.3g 
Earthquake 

wave 
0.6g 

Earthquake 

wave 
0.3g 

Earthquake 

wave 
  

Table 5 Criterion of correlation coefficient  615 

The correlation coefficient The related degree 

0.00-±0.30 Micro correlation 

±0.30-±0.50 Actual correlation 

±0.50-±0.80 Significant correlation 

±0.80-±1.00 Highly correlated 

 616 


