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Abstract. The topography of a thin double-sided rock slope differs greatly from that of a regularly 
studied single-sided rock slope, which leads to difficulties in investigating the dynamic response 
of the thin double-sided rock slope. Through a case study, this paper provides a specific prospect 
on the dynamic response of the high and thin rock slope under blasting vibration. The high and 
thin rock slope belonging to Chiwan Mountain was selected as the typical case slope. Field 
monitoring programs for blasting vibration on the case slope were carried out using vibration 
monitoring systems. The amplitude, frequency, and energy characteristics of the recorded blasting 
vibration were then concretely identified and examined. The monitoring results were further used 
to validate the dynamic finite element model developed to explore the effects of blasting vibration 
frequency and amplitude on the dynamic response of the slope. The dynamic finite element model 
of the case slope subjected to blasting vibration was established using the software LS-DYNA. 
According to the monitoring and numerical results, the dynamic response mechanism of the high 
and thin rock slope under blasting vibration was discussed. The results indicate that the elevation 
amplification effect of blasting vibration exists on the southern slope from a certain elevation, and 
the dominant frequencies generally decay with the distance from the blasting source but remain 
largely the same within a specific elevation range. The blasting vibration frequencies have 
considerable influence on both the values and distributions of peak particle velocities on the slope 
while the blasting vibration amplitudes have an impact only on the values of peak particle 
velocities. The dynamic response of the case slope under blasting vibration results from the joint 
effects of blasting seismic wave propagation and structural resonance. The research findings may 
pave an effective way to clearly understand the dynamic response of similar high and thin rock 
slopes under blasting vibration. 
Keywords: thin mountain, high rock slope, blasting vibration, natural frequency, amplification 
effect. 

1. Introduction 

High rock slopes are common in urban construction, water conservancy and hydropower 
engineering, mining engineering, and transportation engineering [1, 2]. The majority of natural 
high rock slopes are steep with a height of above 50 meters [3]. During blasting excavation of 
high rock slopes, repeated blasting vibrations probably cause adverse effects on the stability of 
high rock slopes [4, 5]. Therefore, it is necessary to conduct research on the dynamic response of 
high rock slopes under blasting vibration. 

The research regarding the dynamic response of high rock slopes under blasting vibration 
mostly focuses on the high rock slopes belonging to thick mountains, or single-sided rock slopes, 
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and many meaningful research results have been concluded. Shu et al. [6, 7] analyzed a large 
number of measured blasting vibration data on high rock slopes, and they found that the blasting 
vibration on high rock slopes shows an overall attenuation trend with the increasing horizontal 
distance and elevation from blasting source, and the elevation amplification phenomenon is only 
limited to a certain elevation range. Based on theoretical analysis, numerical simulation, and 
measured data analysis, Chen et al. [8] pointed out that the blasting vibration at the toe of high 
rock slope steps decays with the increasing elevation under similar slope shapes, and the elevation 
amplification effect only occurs under specific conditions. Through numerical simulation, Fu et 
al. [9] concluded that the elevation amplification effect of blasting vibration on high rock slopes 
is limited to a small local region and the amplification effect is not significant on the inner side of 
the berm and the middle of the step surface. Wu et al. [10] believed that the particle velocity on 
the step surface exhibits an exponential decay law as the distance from blasting source increases, 
and the amplification effect of vibration is only limited to certain horizontal distances and height 
differences from blasting source. Yang et al. [11], Jiang et al. [12, 13], Song et al. [14], Kahrman 
et al. [15], Ak et al. [16], Choi and Deb [17, 18], and Zhang et al. [19] also demonstrated that the 
blasting vibration on high rock slopes mainly decays with the increasing horizontal distance and 
elevation from blasting source. As a result, the blasting vibration on the high rock slope surface 
belonging to thick mountains shows an overall attenuation trend with the increasing horizontal 
distance and elevation from blasting source when the protruding wedge-shaped parts of the slope 
steps are ignored, and there may be elevation amplification effect of blasting vibration in local 
regions such as slope tops and regions with sudden slope changes. 

For the widely existing high and thin rock slopes, or double-sided rock slopes, there are 
significant differences in structural morphology between them and thick rock slopes, or single-
sided rock slopes [20, 21]. The structure of the high and thin rock slope is similar to a convex 
structure, while the structure of the high and thick rock slope can be approximated as semi-infinite 
rock mass. According to relevant research on the vibration response of convex structures such as 
middle rock sidewall [22, 23], convex landforms [24, 25], and raised steps [26-28], the vibration 
response characteristics of convex structures are different from those of high and thick rock slopes. 
The main manifestation is that there is a significant elevation amplification effect of the vibration 
on convex structures, and this amplification effect is particularly significant in the regions near 
the free surface of the structure top [29]. The research on the blasting vibration of actual high and 
thin rock slopes further proves that the elevation amplification effect of vibration on convex 
structures also exists in high and thin rock slopes [30]. Accordingly, the thick and thin rock slopes 
are not only different in structure form, but also different in blasting vibration response 
characteristics. However, there have been few reports on the blasting vibration response of high 
and thin rock slopes. At present, the blasting design theory and method for high rock slope 
excavation are mainly aimed at the high and thick rock slopes, while the existence of elevation 
amplification effect of blasting vibration on high and thin rock slopes is more detrimental to their 
stability. Therefore, it is urgent to conduct in-depth research on the dynamic response of high and 
thin rock slope under blasting vibration. 

As a typical case of the thin and high double-sided slope, the Chiwan mountain high rock slope 
was taken as an example to carry out blasting vibration field monitoring and dynamic finite 
element numerical simulation, and the dynamic response of the case slope under blasting vibration 
was concretely investigated through monitoring and numerical results. The results help better 
understand the dynamic response of similar high and thin rock slopes under blasting vibration, 
and may provide scientific references for blasting design and vibration control of high and thin 
rock slope excavation. 

2. Case slope description 

The Chiwan Mountain slope is next to the north of Chiwan parking lot, located in Shenzhen 
city, Guangdong Province, China, as shown in Fig. 1. The slope shaped by mountain cutting for 
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sea filling is double-faced. It extends about 200.0 m along the southwest-northeast direction and 
its height is about 60.0 m. The top width and toe width of the slope are 1.5 m and 72.0-150.0 m, 
respectively, both of which are relatively narrow. Fig. 2 shows the typical cross section of the 
slope. The southern slope with an average gradient of approximately 61° consists of 5 stacked 
benches whose widths are 2.0-4.0 m, and the northern slope with varying gradients consists of 2-4 
stacked benches. 

 
Fig. 1. Top view of case slope belonging to Chiwan Mountain 

 
Fig. 2. Cross section of case slope (𝐴-𝐴ᇱ) 

The bedrocks in the slope area are composed of blocky coarse-grained granite with different 
degrees of weathering. The intensively weathered granite is only observed in local areas on the 
top of the slope, and the moderately and slightly weathered granite outcrop in the other areas of 
the slope. There are no faults in the studied area, but there are joints with steep dips at the top of 
the slope. The physical and mechanical parameters of the bedrocks were determined based on 
laboratory tests and are listed in Table 1. 

Table 1. Physical and mechanical parameters of granite 
Parameter Intensively weathered Moderately weathered Slightly weathered Unit 

Mass density 2 250 2 500 2 610 kg/m3 
Young’s modulus 0.4 2.0 15.0 GPa 

Poisson’s ratio 0.28 0.26 0.24  
Cohesion 200 500 2 000 kPa 

Friction angle 38.0 40.5 42.5 ° 

3. Blasting vibration monitoring 

3.1. Blasting practice 

The Chiwan parking lot, an important part of Shenzhen Metro Line 12, is intended for parking 
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metro vehicles. The foundation of the parking lot is designed to be at an elevation of approximately 
6.0 m above the global mean sea level, and the original ground surface of the parking lot has a 
topography that ranges from 17.0 m to 20.0 m in elevation, as shown in Fig. 3. Therefore, large 
scale excavation works for foundation construction were carried out in the parking lot areas by 
drilling and blasting. 

 
Fig. 3. Location of blasting area and arrangement of monitoring points 

Double-hole blasts were widely carried out for the foundation excavation of the parking lot. 
Blasting parameters and charging structures commonly adopted in the blasting practices were 
broadly similar. The detailed drilling and blasting parameters are summarized in Table 2, and the 
typical charging structure is presented in Fig. 4. Non-electric millisecond detonators MS3 and 
MS9 were used to set up different initiation networks fired in a zigzag sequence. Detonators MS3 
were used between the delays including two vertical blastholes. Detonators MS9 were used for 
downhole delays. The typical initiation network for the blasting area shown in Fig. 3 (BA) is 
plotted in Fig. 5. 

Table 2. Drilling and blasting parameters 
Blasthole Charge 

Diameter 
(mm) 

Depth (m) Spacing 
(m) 

Burden 
(m) 

Diameter 
(mm) 

Stemming length 
(m) 

Weight per blasthole 
(kg) 

115 11.0-13.5 4.0 3.5 90 3.5-4.0 55-64 

3.2. Blasting vibration monitoring system 

The vibration induced by the blasting practices for foundation construction of the parking lot 
might have adverse effects on the safety of the case slope, so the blasting vibration monitoring for 
the slope was conducted. The monitoring systems, composed of triaxial velocity transducers and 
intelligent monitors Blast-UM as shown in Fig. 6, were used in the blasting vibration monitoring 
programs. The monitoring range in vibration amplitude and frequency of the systems are 
0.001-35.0 cm/s and 5-300 Hz respectively, which cover an overwhelming majority of blasting 
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vibration recordings. The monitoring systems were arranged at the toe of the slope’s benches at 
different elevations, as shown in Fig. 2 and Fig. 3. 

 
Fig. 4. Typical charging structure 

 
Fig. 5. Typical initiation network for BA 

 
Fig. 6. Blasting vibration monitoring system. Photo was taken by the authors on the Chiwan Mountain 

slope (the case slope in the manuscript) when the blasting vibration monitoring was conducted 

4. Monitoring result analysis 

During the blasting practices, the blasting vibration of the slope was recorded through the 
monitoring systems several times. The obtained monitoring results show uniform characteristics 
of the blasting vibration. The typical monitoring results of the blasting vibration induced from the 
BA were analyzed in this study. The recorded blasting vibration waveforms of 1# monitoring point 
(as depicted in Fig. 2 and Fig. 3) corresponding to the BA are typically presented in Fig. 7. 

4.1. Peak particle velocity 

The peak particle velocities (PPVs) of all monitoring points are shown in Fig. 8. The maximum 
PPVs in longitudinal, transverse, and vertical directions are 1.65 cm/s, 0.70 cm/s, and 0.87 cm/s, 
respectively. The minimum PPVs in longitudinal, transverse, and vertical directions are 0.23 cm/s, 
0.16 cm/s, and 0.20 cm/s, respectively, and all of them occur at 3# monitoring point. Among PPVs 
in the three directions, the longitudinal PPVs are the largest, and the transverse and vertical PPVs 
are close. Meanwhile, PPVs in all directions first decrease and then increase with increasing 
elevation of monitoring points on the southern slope, indicating that the common attenuation law 
of blasting vibration works for the region within 1# – 3# monitoring point range, while the 
elevation amplification effect of blasting vibration occur from 3# monitoring point. The 
remarkable elevation amplification effect of the blasting vibration is observed from 4# monitoring 
point. 
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Fig. 7. Typical blasting vibration waveforms of 1# monitoring point 

 
Fig. 8. PPVs of different monitoring points on the southern slope 

4.2. Time-frequency characteristics 

The wavelet transform was adopted to get insight into the time-frequency characteristics of the 
recorded blasting vibration. Based on the principle of wavelet transformation [31, 32], for a given 
function 𝜓ሺ𝑡ሻ ∈ 𝐿ଶሺ𝑅ሻ, where 𝐿ଶሺ𝑅ሻ is a signal space with limited energy, its Fourier transform 
can be written as 𝜓෠ሺ𝜔ሻ. When 𝜓෠ሺ𝜔ሻ satisfies the following condition: 

𝐶ట = න ห𝜓෠ሺ𝜔ሻหଶ|𝜔| 𝑑𝜔ோ < ∞. (1)

The continuous wavelet transform (CWT) for any function 𝑓ሺ𝑡ሻ ∈ 𝐿ଶሺ𝑅ሻ is as follows: 

𝑊௙ሺ𝑎, 𝑏ሻ = |𝑎|ିଵଶ න 𝑓ሺ𝑡ሻ𝜓 ൬𝑡 − 𝑏𝑎 ൰𝑑𝑡ோ . (2)
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The continuous wavelet inverse transform is 𝑓ሺ𝑡ሻ = ଵ஼ഗ ׬ ׬ ଵ௔మ𝑊௙ሺ𝑎, 𝑏ሻ𝜓 ቀ௧ି௕௔ ቁ 𝑑𝑎𝑑𝑏ோோశ , 

where a and b are the scaling factor and translation factor, respectively, and 𝜓 ቀ௧ି௕௔ ቁ is the 

conjugate function of 𝜓 ቀ௧ି௕௔ ቁ. 
Since the recorded blasting vibration waveforms are discrete data composed of a series of time 

sampling points, the parameters a and b need to be discretized. All data and parameters need to be 
divided by a binary grid (for example, 𝑎 = 2௝, 𝑏 = 2௝𝑘, 𝑗, 𝑘 ∈ 𝑍) to obtain the binary wavelet 
transform in the following formula: 

𝑊ଶ௝𝑓ሺ𝑘ሻ = 2ି௝ଶ න 𝑓ሺ𝑡ሻ𝜓 ൬ 𝑡2௝ − 𝑘൰𝑑𝑡ோ . (3)

The CWT time-frequency spectra of all monitoring points are shown in Fig. 9. The red dotted 
lines in Fig. 9 depict the trends in dominant frequencies of the blasting vibration. On the whole, 
the dominant frequencies tend to decay with the increase in elevation. From 1# to 3# monitoring 
point, the dominant frequencies are reduced from above 50 Hz to around 35 Hz. From 4# to 7# 
monitoring point, the dominant frequencies remain largely the same at about 30 Hz. In particular, 
part of the dominant frequencies of 7# monitoring point is within 20 Hz which occurs at the end 
of the waveform, and part of the dominant frequencies of 5# to 7# monitoring points in the vertical 
direction are beyond 50 Hz. 

4.3. Energy-frequency characteristics 

The wavelet packet transform (WPT) was adopted to get insight into the energy-frequency 
characteristics of the recorded blasting vibration. Based on the principle of WPT [33]. The WPT 
reconstruction algorithm can be indicated as the following equation: 𝑑௜,௝,௞ = ෍൫ℎ௞ିଶ௟𝑑௜ାଵ,௝,௞ + 𝑔௞ିଶ௟𝑑௜ାଵ,௝ାଵ,௞൯௞∈௓ , (4)

where 𝑑௜,௝,௞ is the coefficient of WPT, ሼℎ௞ሽ௞∈௓ and ሼ𝑔௞ሽ௞∈௓ are the low-pass and high-pass filter 
coefficients, respectively. The filter coefficients ሼℎ௞ሽ௞∈௓ and ሼ𝑔௞ሽ௞∈௓ in orthogonal 
multi-resolution analysis shall satisfy the below equation: ෍|ℎ௞|ଶ௞∈௓ = 1,     ෍|𝑔௞|ଶ௞∈௓ = 1. (5)

Then, Eq. (4) can be reconstructed as ห𝑑௜,௝,௞หଶ = ห∑ ℎ௞ିଶ௟𝑑௜ାଵ,௝,௞௞∈௓ + ∑ 𝑔௞ିଶ௟𝑑௜ାଵ,௝ାଵ,௞௞∈௓ หଶ. 
The wavelet packet coefficients can be calculated by definition as 𝑑௝,௞ = ൻ𝑓௜,௝ ,𝜑௝,௞ሺ𝑡ሻൿ, where 𝜑௝,௞ሺ𝑡ሻ and 𝜑௝ାଵ,௞ሺ𝑡ሻ are standard orthogonal bases in the wavelet packet spaces 𝑈௜ାଵ,௝ and 𝑈௜ାଵ,௝ାଵ, respectively. The wavelet packet spaces 𝑈௜ାଵ,௝ and 𝑈௜ାଵ,௝ାଵ are mutually orthogonal, 
that is, mutually orthogonal 𝜑௝,௞ሺ𝑡ሻ and 𝜑௝ାଵ,௞ሺ𝑡ሻ exist. As a result, cosൻ𝜑௝,௞ሺ𝑡ሻ,𝜑௝ାଵ,௞ሺ𝑡ሻൿ = 0 
and thus cosൻ∑ ℎ௞ିଶ௟𝑑௜ାଵ,௝,௞௞∈௓ ,∑ ℎ௞ିଶ௟𝑑௜ାଵ,௝,௞௞∈௓ ൿ = 0. 

Then, the relationship between decomposition coefficients at level 𝑖 and level 𝑖 + 1 are shown 
as Eq. (6): 

ห𝑑௜,௝,௞หଶ = อ෍ℎ௞ିଶ௟𝑑௜ାଵ,௝,௞௞∈௓ อଶ + อ෍𝑔௞ିଶ௟𝑑௜ାଵ,௝ାଵ,௞௞∈௓ อଶ, (6)
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where ሼℎ௞ሽ௞∈௓ and ሼ𝑔௞ሽ௞∈௓ can be regarded as standard orthogonal bases of 𝑑௜ାଵ,௝,௞, 𝑑௜ାଵ,௝ାଵ,௞ in 
the frequency domain, respectively. Therefore, the results of ሼℎ௞ሽ௞∈௓ and ሼ𝑔௞ሽ௞∈௓ transformation 
do not change the modular value, that is, one can write: ห𝑑௜,௝,௞หଶ = ห𝑑௜ାଵ,௝,௞หଶ + ห𝑑௜ାଵ,௝ାଵ,௞หଶ. (7)

 
Fig. 9. CWT time-frequency spectra in three directions for different monitoring points 

The signal 𝑆ሺ𝑡ሻ in Hilbert space 𝐿ଶሺ𝑅ሻ can be indicated as: 

𝑆ሺ𝑡ሻ = ෍ 𝑓௜,௝൫𝑡௝൯ଶ೔ିଵ௝ୀ଴ , (8)

where 𝑓௜,௝൫𝑡௝൯ = ∑ 𝑑௜,௝ሺ௞ሻ𝜑௝,௞ሺ𝑡ሻ௠௞ୀଵ  is the projection of the signal 𝑆ሺ𝑡ሻ in the wavelet packet space 𝑈௜,௝, 𝑖 is the scale parameter (i.e., decomposition level of wavelet packet), 𝑗 is the 𝑗th wavelet 
subspace of decomposing wavelet packet to level 𝑖, and 𝑘 is displacement parameter, and 𝑚 is the 
signal discretization sampling point. 

The proportion of the energy of the frequency band corresponding to 𝑓௜,௝൫𝑡௝൯ in the wavelet 
packet space 𝑈௜,௝ accounting for that of the signal 𝑆ሺ𝑡ሻ is 𝑃௜,௝: 𝑃௜,௝ = 𝐸௜,௝𝐸 ,     ሺ𝑖 = 1,2,⋯ ,𝑁,     𝑗 = 0,1,2,⋯ , 2௜ − 1ሻ, (9)

where 𝐸௜,௝ = ∑ ห𝑑௜,௝ሺ௞ሻหଶ௠௞ୀଵ  is the frequency band energy corresponding to 𝑓௜,௝൫𝑡௝൯ in the wavelet 
packet space and 𝐸 = ∑ 𝐸௜,௝ଶ೔ିଵ௝ୀ଴  is the overall energy of the signal. 

The energy-frequency distributions in three directions for different monitoring points are 
presented in Fig. 10. The cyan boxes in Fig. 10 depict the trends in dominant frequency bands, in 
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which the blasting vibration energy ratio is overwhelming.  
On the whole, the dominant frequency bands tend to decay with the increase in elevation. From 

1# to 3# monitoring point, the dominant frequency bands, in which the energy rations are more 
than 25%, are reduced from above 60-80 Hz to around 35 Hz. From 4# to 7# monitoring point, 
the dominant frequency bands, in which the energy rations are more than 30 %, remain largely the 
same within 20-40 Hz. In particular, part of the dominant frequency bands of 7# monitoring point 
is within 20 Hz, in which the energy rations are above 30 %. The above results are consistent with 
those presented in Fig. 9, but the difference is that the energy ratios within the dominant 
frequencies beyond 50 Hz of 5# to 7# monitoring points in the vertical direction are relatively 
lower, among which energy ratios in single frequency band are mostly less than 10 %. 

 
Fig. 10. Energy-frequency distribution in three directions for different monitoring points 

5. Numerical model and verification 

5.1. Model and parameters 

To further reveal the dynamic response characteristics of the thin and high rock slope under 
blasting vibration, a numerical study was implemented. As shown in Fig. 11, a numerical model 
including the whole slope was developed in the software LS-DYNA. The model is meshed with 
hexahedron-shaped brick elements, SOLID 164 elements, and each SOLID 164 element has 
8 nodes. Kuhlemeyer and Lysmer [34] suggested the mesh size should be shorter than 1/8 – 1/10 
of the wave length to properly reduce any wave distortion. According to this requirement, the 
element size adopted in the model varies from 0.1 m near the slope surface to 1.0 m inside the 
slope. There are a total of 15854 SOLID 164 elements and 32362 nodes contained in the model. 
Non-reflecting boundaries are enforced to the northern face, bottom face, and southern face below 
1# monitoring point to eliminate the wave-reflecting effect. The southern face below 1# 
monitoring point is also the loading boundary that is enforced to the modified longitudinal and 
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vertical velocities of 1# monitoring point (as shown in Fig. 7). Apart from seven monitoring points 
on the southern slope, the other six monitoring points on the northern slope are added to analyze 
the dynamic response characteristics of the northern slope. 

 
Fig. 11. Numerical model of case slope 

The maximum PPV of the recorded blasting vibration is less than 1.7 cm/s, which is far less 
than the safety control standards for the rock slope [35], and the distance from the blasting source 
to the toe of the slope exceeds 100 m. Therefore, the blasting vibration of the slope can be 
approximately regarded as elastic vibration, and the linear elastic materials were adopted in the 
numerical model. The lithology for the case slope is mainly composed of slightly weathered 
granite, so the material parameters of rock masses were assigned the parameters of the slightly 
weathered granite listed in Table 1. 

5.2. Model verification 

The numerical results of blasting vibration were obtained when the loading boundary is 
enforced to the longitudinal and vertical velocities of 1# monitoring point. The numerical and 
monitoring results of blasting vibration for 1# to 7# monitoring points are listed in Table 3. There 
are small differences mostly within 10 % between the numerical and monitoring results. The 
deviations between monitoring and numerical results of vertical PPVs at 5# and 7# monitoring 
points are slightly above 10 %, but the absolute errors are 0.05 cm/s and 0.09 cm/s, which are 
quite small and can be ignored. The evolution laws of PPVs along with the elevation are kept the 
same for the numerical and monitoring results, both of which are that PPVs firstly decrease and 
then increase with increasing elevation. As a result, the numerical model can effectively simulate 
the blasting vibration response of the case slope to a certain extent. 

Table 3. Comparison between monitoring and numerical results of blasting vibration 
Monitoring point 1# 2# 3# 4# 5# 6# 7# 

Horizontal PPV (cm/s) Monitoring result 1.19 0.29 0.23 0.38 0.53 0.82 1.65 
Numerical result 1.19 0.31 0.21 0.34 0.56 0.74 1.54 

Deviation (%) 0.0 6.9 8.7 10.5 5.7 9.8 6.7 

Vertical PPV (cm/s) Monitoring result 0.87 0.23 0.20 0.29 0.41 0.53 0.63 
Numerical result 0.85 0.24 0.20 0.31 0.36 0.50 0.72 

Deviation (%) 2.3 4.3 0.0 6.9 12.2 5.7 14.3 
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6. Numerical study on dynamic response of case slope 

6.1. Natural frequencies 

Natural frequencies play an important role in the dynamic performance evaluation of structures 
[36-38]. Fig. 12 presents the first 10 natural frequencies and corresponding mode shapes of the 
whole slope, which were calculated through modal analysis in LS-DYNA. Higher modes of the 
modal parameters are not given here because they make nearly no contribution to the slope motion 
according to the theory of structural dynamics [39]. The fundamental frequency of the whole slope 
is 6.53 Hz corresponding to the first mode shape representing the overall horizontal motion. The 
second to sixth natural frequencies less than 20 Hz are all below the dominant frequencies in Fig. 9 
or dominant frequency bands in Fig. 10. The second mode shape of the whole slope is 
characterized as overall vertical motion, while the third to sixth mode shapes are characterized as 
local motions of the whole slope. The seventh to tenth natural frequencies are within 20-30 Hz, 
and their corresponding mode shapes are also characterized as local motions of the whole slope. 

 
Fig. 12. First 10 modal parameters of the whole slope 

Considering the elevation amplification effect of blasting vibration exits from 4# monitoring 
point and dominant frequencies for 4# to 7# monitoring points remain largely the same, the first 
10 natural frequencies and mode shapes of the slope above 4# monitoring point (the upper slope) 
were extracted, as presented in Fig. 13. The mode shapes of the upper slope are nearly the same 
as those of the whole slope, while their natural frequencies are rather different. The fundamental 
frequency of the upper slope is 13.51 Hz, which is within the dominant frequency band below 
20 Hz of 7# monitoring point. The second to sixth natural frequencies are within 20-40 Hz, which 
fall into the unchanged dominant frequencies of 4# to 7# monitoring points. The seventh to tenth 
natural frequencies are within 40-60 Hz, which lie in the part of dominant frequencies beyond 
50 Hz of 5# to 7# monitoring points. The close correspondence between the natural frequencies 
and dominant frequency characteristics of the upper slope indicates that the natural frequencies 
play a key role in the dynamic response of the slope. 

 
Fig. 13. First 10 modal parameters of the slope above monitoring point 4# 
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a) 0-20 Hz 

 
b) 20-40 Hz 

 
c) 40-60 Hz 

 
d) 60-100 Hz 

 
e) 100-150 Hz 

Fig. 14. PPV distribution under vibration with different frequency characteristics 

6.2. Effects of vibration frequency on dynamic response of slope 

To investigate the relationship between blasting vibration frequency characteristics and natural 
frequencies of the slope, five numerical cases corresponding to five loading conditions were 
carried out. Each loading condition corresponds to a set of modified blasting vibration waveforms 
with a specific frequency band, and the five different frequency bands are 0-20 Hz, 20-40 Hz, 
40-60 Hz, 60-100 Hz, and 100-150 Hz, respectively, which are selected based on the frequency 
distribution characteristics and cover the dominating frequency components of the blasting 
vibration on the case slope. The modified blasting vibration waveform can be obtained as: 
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𝑉ሺ𝑡ሻ = 𝑣௕௣ሺ𝑡ሻ max൫𝑣ሺ𝑡ሻ൯max ቀ𝑣௕௣ሺ𝑡ሻቁ, (10)

where 𝑣ሺ𝑡ሻ is the original blasting vibration waveform of the 1# monitoring point, and  𝑣௕௣ሺ𝑡ሻ = 𝐵𝑎𝑛𝑑𝑝𝑎𝑠𝑠൫𝑣ሺ𝑡ሻ, 𝑓௟௢௪,𝑓௛௜௚௛൯ can be got through bandpass filtering ranging from low 
frequency 𝑓௟௢௪ to high frequency 𝑓௛௜௚௛ of 𝑣ሺ𝑡ሻ. 

PPV distributions of the slope under five different vibration loading conditions are presented 
in Fig. 14. 

As presented in Fig. 14(a), PPVs decline in a fluctuation way with the increase of horizontal 
distance from the blasting source when the frequency range of the loading vibration is within 
0-20 Hz, and PPVs of monitoring points are less than 0.4 cm/s except those of 1# monitoring 
point. 

When the frequency ranges of the loading vibration are within 20-40 Hz and 40-60 Hz, PPVs 
decline firstly and then increase on the southern slope with the increase of horizontal distance 
from the blasting source, while PPVs on the northern slope fluctuate and are less than 0.25 cm/s, 
as presented in Fig. 14(b) and Fig. 14(c). The elevation amplification effect exits from 4# 
monitoring point for both the two conditions shown in Fig. 14(b) and Fig. 14(c), which matches 
the monitoring results, and the elevation amplification effect for the case of 20-40 Hz is more 
apparent. 

For the case of 60-100 Hz presented in Fig. 14(d), PPVs also decline in a fluctuation way as 
in the case in Fig. 14(a), while the PPVs for the 4# and 7# monitoring points are beyond 0.4 cm/s, 
which are larger than the PPVs of their adjacent monitoring points. 

For the last case of 100-150 Hz presented in Fig. 14(e), PPVs decline in a fluctuation way on 
the southern slope while increase on the northern slope with the increase of horizontal distance 
from the blasting source, and the maximum PPV on the northern slope exceeds 0.8 cm/s. 

6.3. Effects of vibration amplitude on dynamic response of slope 

The effects of vibration amplitude on the dynamics response of the slope were also 
investigated, and three numerical cases corresponding to each specific loading condition within a 
certain frequency range were conducted. The three cases are 𝑉௠ = max൫𝑉ሺ𝑡ሻ൯ = 5.0 cm/s, 
10.0 cm/s, and 15.0 cm/s. For blasting vibration with the frequency range within 0-20 Hz, Fig. 15 
gives the typical PPV distributions of the slope under vibration with different amplitudes.  

  
a) Horizontal 

 
b) Vertical 

Fig. 15. PPV distribution under vibration with different amplitudes (0-20 Hz) 
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The applied vibration amplitudes have significant importance on the values of PPVs but no 
effects on the distribution of PPVs, and the values of PPVs are approximately proportional to the 
applied vibration amplitudes. For example, the horizontal PPVs at 2# monitoring point under 𝑉௠ = 5.0 cm/s, 10.0 cm/s, and 15.0 cm/s are about 1.5 cm/s, 3.0 cm/s, and 4.5 cm/s, indicating 
that the PPV is approximately proportional to the applied vibration amplitude. As for blasting 
vibration with other frequency ranges, the effects of vibration amplitude are kept the same. 

7. Discussions 

As regards the blasting practices close to the case slope, blasting seismic waves propagate from 
the near to the distant. The blasting seismic waves propagate from the toe to the top of the southern 
slope, while propagating from the top to the toe of the northern slope. Due to energy dissipation 
and dispersion effects during the seismic wave propagation [40], both the amplitude and dominant 
frequencies of blasting vibration are gradually attenuated from the near to the distant, which 
accounts for the PPV decay from 1# to 3# monitoring point and the overall dominant frequency 
decay from 1# to 7# monitoring point. However, it’s difficult to directly use the theory of seismic 
wave propagation to explain the elevation amplification effect from 4# monitoring point, the 
unchanged dominant frequencies for 4# to 7# monitoring points, and numerical results about the 
effects of applied vibration frequency on dynamic response characteristics of the slope. 

From the perspective of structural dynamics taking account into the effects of natural 
frequencies of the slope, the elevation amplification effect, the unchanged dominant frequencies, 
and the effects of applied vibration frequency can be reasonably explained. The dominant 
frequencies of the 1# monitoring point are beyond 50 Hz, which are larger than the primary natural 
frequencies of the whole slope, so the blasting seismic waves do not cause resonance of the whole 
slope. When the blasting seismic waves spread to the areas between 3# and 4# monitoring points, 
the dominant frequencies decay to 20-40 Hz that fall within the primary natural frequencies of the 
upper slope, and thus resonance of the upper slope within 20-40 Hz are excited, which leads to the 
elevation amplification effect from 4# monitoring point and unchanged dominant frequencies for 
4# to 7# monitoring points. 

To sum up, the dynamic response of the case slope under blasting vibration results from the 
joint effects of blasting seismic wave propagation and structural resonance. The blasting seismic 
wave propagation leads to amplitude and frequency attenuation and structural resonance causes 
the amplification effect while the dominant frequencies of spreading seismic waves are adjacent 
to the natural frequencies of the slope after the amplitude and frequency attenuation. It’s important 
to note that the dynamic response of the slope under blasting vibration is a complex problem 
concerning wave propagation and structural dynamics, and so on. More discussions and studies 
about the dynamic response of the slope under blasting vibration are needed. 

8. Conclusions 

Based on the field monitoring results and numerical results of blasting vibration on the high 
and thin case slope, the main conclusions were drawn as follows: 

1) The blasting vibration on the case slope first decreases and then increases with increasing 
elevation, and the elevation amplification effect of blasting vibration exits on the southern slope 
from a certain elevation. The dominant frequencies generally decay with the distance from the 
blasting source but remain largely the same within a specific elevation range, and the unchanged 
dominant frequencies of 20-40 Hz fall within the primary natural frequencies of the upper slope. 

2) The loading vibration frequencies have significant importance on both the values and 
distributions of PPVs on the slope while the loading vibration amplitudes just have an impact on 
the values of PPVs. 

3) The dynamic response of the case slope under blasting vibration results from the joint effects 
of blasting seismic wave propagation and structural resonance. The blasting seismic wave 
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propagation leads to amplitude and frequency attenuation and the structural resonance causes the 
amplification effect while the dominant frequencies of spreading seismic waves are adjacent to 
the natural frequencies of the slope. 

The dynamic response of high and thin rock slope under blasting vibration is very complicated, 
and the work presented in this paper is just a preliminary study. The adopted numerical model is 
an idealized model that cannot completely represent all the characteristics of the real case slope. 
Therefore, more detailed models such as three-dimensional models accounting for discontinuities 
may be established in further study. 
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