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.is paper explores a new approach for assessing the stability of a hazardous rock block on a slope using vibration feature
parameters. A physical model experiment is designed in which a thermally sensitive material is incorporated into the potential
failure plane of the hazardous rock, and the complete process of hazardous rock collapse caused by strength deterioration is
simulated by means of constant-temperature heat transfer. Moreover, the vibration response of the hazardous rock is monitored
in real time by laser vibrometry. .e experimental results show that five vibration feature parameters, including the mean
frequency, the center frequency, the peak frequency, the mean frequency standard deviation, and the root mean square frequency,
are well-correlated with rock stability. Furthermore, through principal component analysis, the five vibration feature parameters
are synthesized into a principal component factor (PCF) as a representative assessment parameter. .e results of the analysis
demonstrate that the variation in the PCF exhibits three characteristic stages, i.e., “stationary-deviation-acceleration,” and can
effectively identify the stability evolution trend and collapse precursor behavior of hazardous rock block.

1. Introduction

Hazardous rock, located on a steep slope and surrounded by
weak failure planes, is a rock block with little stability
(Figure 1). .e collapse of rocks is a significant natural
hazard in mountainous areas. In most cases, it is difficult to
predict the stability of the rock block and to implement
effective mitigation measures due to the abruptness and
destructivity of the collapse. Some studies have shown that
the mechanical stability of a rock slope is greatly affected by
the deformation and strength characteristics of the potential
failure plane in the rock mass [1, 2]. Additionally, strength
deterioration of a potential failure plane caused by weath-
ering, earthquake or heavy precipitation is the root cause of
rock collapse [3, 4].

Generally, the stability assessment of rock blocks is based
on empirical judgments gained by visual inspection of rock
mass structures. However, it is difficult to quantitatively

assess stability with visual inspection. .e instability and
failure of the rock slope is a progressive process [5], and the
precursory indicators that existed before the rupture enable
the assessment of the stability and to forecast the failure [6].
Many researchers have reported by using extensometer,
photogrammetry, global positioning system (GPS), light
detection and ranging (LiDAR), ground-based interferom-
etry synthetic aperture radar (GBInSAR), and other tech-
nical approaches to observe displacement (or strain) to
locate hazardous rocks [7–13]; however, in general, haz-
ardous rock collapses at low strain and tertiary creep develop
very rapidly [14], which makes it difficult to use displace-
ment (or strain) to monitor the strength deterioration in a
rock mass and to predict its tendency towards stability
development [15].

In recent years, damage identification theory has been
developed. .is theory is based on measuring the vibration
response of structures and extracting vibration feature
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parameters to identify the degree of damage [16]. Many
researchers have reported assessing the probability of rock
failure by measuring vibration feature parameters using
sensors installed into the hazardous rock block [17–20].
Additionally, the laser Doppler vibrometer (LDV) has been
proven to measure vibration response quickly and accurately
over long distances both experimentally and practically
[21, 22]. Laser vibrometry is effective for identifying the
strength deterioration of rock blocks on slopes. Ma et al. [23]
conducted a concrete block vibration monitoring test using
LDV and found that the tendency of the dominant frequency
is consistent with the positive correlation between the block
mechanical stability and the adhesion area by changing the
bonding area between the concrete block and the concrete
pedestal. Du et al. [24] bonded the toughened glass block
with the freezing method and measured its vibration signal
during the process from freezing to thawing using LDV.
.ey found that the fundamental natural frequency de-
creased when the cohesion of the potential sliding plane
gradually weakened. Jia et al. [25] monitored the funda-
mental natural frequency of hazardous rock onsite and
calculated the actual safety factor of the rock mass by the
mass-spring model. .us, frequency response monitoring is
a practical and reasonable method to evaluate the stability of
hazardous rock block.

In this paper, we explore a new method of assessing the
stability of a hazardous rock block on a slope using vibration
feature parameters. A physical model experiment is designed
in which a thermally sensitive material is incorporated into
the potential failure plane of hazardous rock, and the
complete process of hazardous rock collapse caused by
strength deterioration is simulated by means of constant-
temperature heat transfer. Moreover, the vibration response
of the hazardous rock is monitored in real time by laser

vibrometry to obtain the vibration feature parameters that
are strongly related to the stability of the rock block and to
analyze its evolution law.

2. Theoretical Model

From the perspective of statics, the failure of the dangerous
rock block is due to insufficient tensile (or shear) resistance
at the potential failure plane. .e hazardous rock block is
regarded as a structure, and the resistance to maintain its
equilibrium is provided by the structural stiffness of the
potential failure plane. If the change of resistance stiffness
can be accurately judged, the stability development trend of
the rock block can be evaluated, but this change is difficult to
obtain by statics. For a structural dynamic analysis, we use a
damping spring to simulate the stiffness characteristics of the
potential failure plane [26, 27], assuming that the rock block
is a rigid body, the slope is a fixed body, and the deformation
of the potential failure plane is linear elastic deformation
within the amplitude range. .e hazardous rock mass can
thus be regarded as a dynamic system, and the main vi-
bration mode is a swing around a fixed base point [28]. .e
dynamic model is shown in Figure 2.

In this analysis model, the rock block and the stable part
compose a single-degree-of-freedom dynamic system.When
the damping coefficient is ignored, the differential equation
of the dynamic system can be expressed as
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wheref is the natural frequency of the dynamic system (Hz),
J0 is the moment of inertia of the rock block around point O

(kg·m), ρ is the density of the rock block (kg/m3), andE is the
elastic modulus of the potential failure plane (Pa).

As shown in equations (1)–(3), the natural frequency of
the dynamic system can be calculated from the rotary inertia
of the rock and the stiffness and size of the potential failure
plane. Here, we consider that the stiffness and the size of the
potential failure plane are closely related to the rock block
stability [1, 29] and that the size and density distribution of
the rock block are generally unchanged; therefore, in theory,
the stability of the rock block can be characterized by its
natural frequency. In practical applications, we generally
measure the vibration response to analyze the natural fre-
quency characteristic of the rock block [30]. Hence, in this
study, we examine the vibration response feature parameters

Figure 1: Typical hazardous rock block structure.
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in the frequency domain to characterize the stability of the
rock block.

3. Experimental Method

3.1. Experimental Model. In this experiment, a concrete
block is used to represent the unstable block. .e potential
failure plane is constructed of a material whose strength is
heat-sensitive: sand and gypsum as the aggregate and par-
affin as the gelling agent [31]. An electric heating element is
embedded in the material to control the degree of damage to
the potential failure plane. .e heat-sensitive material is
used to bond the concrete block and the stable slope. As the
heating element heats up, the strength (stiffness) of the
material of the potential failure plane gradually deteriorates.
Simultaneously, an LDV is used to record the vibration
signal of the concrete block under the excitation. Figure 3
shows a schematic of the experimental model. Table 1 shows
the size and weight of the experimental material.

3.2. Experimental Equipment. .e experimental equipment
includes an LDV, an accelerometer, an electric heating el-
ement, an infrared thermal imager, and a vibration exciter.
An RSV-150 LDV produced by Polytec, Germany, is applied
to measure the surface vibration and displacement of the
block, as shown in Figure 4(a), with a frequency measure-
ment range of 0–25 kHz, speed resolution of <0.5 μm/s/
√Hz, and displacement resolution of 0.3 nm. An H36 in-
frared camera produced by Hikvision, China, is applied to
measure the temperature variation in the potential failure
plane, as shown in Figure 4(b) with a temperature

measurement range of −20–400°C, a temperature mea-
surement accuracy of ±2°C, and a resolution of 0.1°C.

3.3. Experimental Advantage. In this experiment, the tem-
perature of the potential failure plane is varied to control the
strength of the concrete block. .e associated experimental
advantages are (1) the test can simulate the entire process of
rock block collapse under the influence of gravity without
human external intervention; (2) the concrete block can be
controlled to different stable states; and (3) the test has good
operability and repeatability.

4. Experiment I: Determination of Vibration
Feature Parameters

4.1. Experimental and Analytical Procedures. To determine
the vibration feature parameters that characterize the sta-
bility of the block, we adjust the electric heating element to
different fixed temperatures and use the infrared thermal
imager to monitor the thermal conduction process of the
potential failure plane. When the temperature is constant,
we measure the vibration response of the concrete block
under impact excitation by laser vibrometry and the stability
safety factor by a loading test.

.e experimental simplified stability calculationmodel is
shown in Figure 5. When the concrete block is loaded to the
equilibrium limit, the stability safety factor is defined as the
ratio of the overturning moment and the maximum resis-
tance moment of the block. .e stability safety factor of the
block can be expressed as follows:
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Figure 2: Structural model of a hazardous rock block and its dynamic analysis model. (a) Structural model. (b) Dynamic model. Here,
(a) and (b) are the position coordinates of the rock center of mass (point (W)), (m) and (n) represent the size of the rock, (l) and (d)
represent the size of the potential failure plane, (k) is the equivalent stiffness of the potential failure plane, and θ is the microrotation
angle under excitation.
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(a) (b)

Figure 4: Experimental instruments: (a) laser Doppler vibrometer; (b) infrared thermal imager.
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Figure 5: Stability calculation model of the concrete block.
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Figure 3: Experimental model.

Table 1: Size and weight of the materials.

Material
Size (cm)

Mass (g)
Length Width Height

Unstable rock 7.1 7.1 7.1 788.9
Potential failure plane 7.1 0.5 7.1 29.7
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where fs is the stability safety factor of the concrete block, G

is the block weight (N), Ft is the tensile resistance (N), and Fl

is the vertical limit load (N).
Under a consistent experimental method, five temper-

ature states were measured, including 15°C, 26°C, 35°C, 44°C,
and 48°C. .e infrared thermal imaging of the concrete
blocks is shown in Figure 6.

4.2. Experimental Results. .e experimental results show
that, as the temperature of the potential failure plane in-
creases, its strength decreases, until the block collapses (the
failure temperature is 53°C). Figure 7 shows the correlation
between the safety factor calculated by equation (4) and the
temperature of the potential failure plane. .e fitting for-
mula of the safety factor is as follows:

fs � 3.585 − 0.194 exp
T

20.383
􏼒 􏼓, (5)

where fs is the stability safety factor of the concrete block
and T is the temperature of the potential failure plane (°C).

In addition, the spectrum response curve is obtained by
smoothing, denoising, and fast Fourier transformation of the
vibration response data, as shown in Figure 8. As the
temperature of the potential failure surface rises, the mag-
nitude and position of the spectrum curve change signifi-
cantly, indicating that the vibration characteristics of the
concrete block have changed.

Furthermore, using statistical analysis, five vibration
feature parameters to characterize the stability of the block
are obtained, including the mean frequency (P1), the center
frequency (P2), the root mean square frequency (P3), the
peak frequency (P4), and the mean frequency standard
deviation (P5). Specific explanations of the parameters are
shown in Table 2. Parameter P1 is the vibrationmagnitude in
the frequency domain. Parameters P2–P4 describe the
convergence of the spectrum power. Parameter P5 shows the
position change in the main frequencies [32].

Table 3 shows a list of vibration feature parameters in
different stable states. Figure 9 shows the correlations be-
tween the vibration feature parameters and the concrete
block stabilities. During progression from state 1 to state 5,
the block stability has a significant negative correlation with
P1 and P5, which shows that the magnitude and con-
stringency of the vibration frequency domain increase; the
block stability has a significant positive correlation with
P2–P4, which shows that the main frequencies gradually
decrease. In addition, the data show that using a single
parameter for assessment is susceptible to erroneous eval-
uation, such as the peak frequency commonly used by re-
searchers [23–25], which has an abnormal trend change in
state 3. For this reason, we use multiple parameters to assess
the stability evolution trend.

5. Experiment II: Assessment of the Stability
Evolution Trend

5.1. Experimental and Analytical Procedures. In experiment
II, a constant temperature (53°C) heat transfer condition is
set. As heat transfer progresses between the electric heating
element and the potential failure plane, the stability of the
concrete block continues to decrease, and the block ulti-
mately collapses. .e experiment records the dynamic
changes in displacement, vibration signal, and temperature.
To incorporate the variation characteristics of the five kinds
of vibration feature parameters as much as possible, prin-
cipal component analysis is used to obtain the principal
component factor (PCF) as a representative assessment
parameter. Furthermore, the stage characteristics of PCF
variation and relevance with the stability evolution trend are
analyzed.

5.2. ExperimentalResults andDiscussion. In this experiment,
40 vibration acceleration response samples are obtained, and
the initial vibration feature parameter data matrix
X � (xij)n×p is calculated, where i � 1, 2, . . . , n, n� 40,
representing 40 samples; j � 1, 2, . . . , p, p � 5, representing
5 parameters; and xij represents the j-th parameter value of
the i-th sample.

.e scree plot obtained by principal component analysis
is shown in Figure 10. .e abscissa is the component
number, and the ordinate is the eigenvalue. .e eigenvalue
of the first principal component is larger (>1) than the
others, and the variance contribution reached 92.717%,
indicating that most of the information of the vibration
feature parameters is represented..erefore, the load matrix
L of the first principal component is adopted as the weight of
each vibration feature parameter as follows:

L � [−0.455, 0.448, 0.447, 0.449, −0.435]
T
. (6)

.erefore, the PCF of the vibration feature parameters
can be expressed as follows:

PCF �
xij − xj

Sj

· L, (7)

where xj � (􏽐
n
i�1 xij/n) and Sj �

����������������
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n
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.

In addition, the safety factor of the concrete block at
different times is calculated by temperature data and
equation (5).

Figure 11 shows the typical time histories of the safety
factor, the displacement, the PCF, and the PCF variation
rate. In the experiment, the unstable block collapsed ap-
proximately 738 s after the potential failure plane was
heated. .e displacement responded only minimally for a
long period of time, and an abnormal change in the sub-
millimeter level occurred only 5 s before collapse. In con-
trast, the evolution of the PCF featured obvious
characteristic stages. In the initial “stationary” phase, the
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variation rate of the PCF was almost 0, and the safety factor
of the block also remained constant. With the strength
deterioration of the unstable block, the safety factor de-
creased slowly after 140 s, and the PCF exhibited “deviation,”
decreasing at a nearly uniform variation rate. At 400 s, the
PCF entered the “acceleration” phase, its variation rate
increased, and the decrease in the safety factor also
accelerated. At 700 s, the PCF exhibited an abnormal sudden
drop, and the block was close to collapse..e same trend was
obtained by repeated tests. .e experimental results show
that the PCF can effectively characterize the stability evo-
lution trend of unstable blocks and that its sensitivity to
strength deterioration is better than that of the displacement.
Additionally, the abnormal sudden decrease of the PCF in
the acceleration phase is a precursor to collapse.

6. Discussion

.e collapse disaster from a rock block is a process of
evolution with time, during which the state of the rock
block changes from stability, to damage, to instability. At
present, field monitoring data are mainly used to evaluate
the safety status of rock blocks, and the effective moni-
toring indicators should correlate well with the stability of
rock blocks. .e conventional monitoring and early
warning information based on displacement indicators
often cannot represent the change of strength (stiffness) of
the potential failure surface directly related to stability, thus
causing some difficulties in the determination of changes in
the rock block stability. In recent years, with the devel-
opment of low-power and high-precision new technologies

(a) (b)

Figure 6: Infrared thermal imaging of the concrete block: (a) ambient temperature (15°C); (b) heating temperature (48°C).
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Table 3: A list of vibration feature parameters and safety factors obtained experimentally.

State (±2°C)
Vibration feature parameters

Safety factorP1 P2 P3 P4 P5
Data Avg. Data Avg. Data Avg. Data Avg. Data Avg.

1 (15°C)
1.59

1.58
68.62

68.49
71.23

71.00
75.00

75.00
3.04

3.04 3.361.58 68.37 70.64 75.00 3.04
1.56 68.48 71.13 75.00 3.03

2 (26°C)
1.60

1.60
67.27

67.31
69.85

69.89
73.82

73.82
3.06

3.06 2.821.59 67.38 69.95 73.82 3.05
1.61 67.29 69.86 73.82 3.07

3 (35°C)
1.98

1.99
65.76

65.87
68.45

68.55
75.00

75.00
3.73

3.75 2.391.99 66.11 68.78 75.00 3.76
1.99 65.73 68.43 75.00 3.77

4 (44°C)
2.21

2.20
64.61

64.42
67.21

67.01
69.14

69.14
4.16

4.16 1.962.20 64.54 67.11 69.14 4.15
2.20 64.13 66.72 69.14 4.15

5 (48°C)
2.24

2.25
62.69

62.71
66.52

65.53
64.45

64.45
4.14

4.14 1.452.26 62.76 65.56 64.45 4.14
2.26 62.67 65.50 64.45 4.15

6 (53°C) — — — — — <1

Table 2: .e vibration feature parameters.

Feature Equation
Mean frequency P1 � (􏽐

K
k�1 S(k)/K)

Center frequency P2 � (􏽐
K
k�1 fkS(k)/􏽐

K
k�1 S(k))

Root mean square frequency P3 �

�������������������

􏽐
K
k�1 f2

kS(k)/􏽐
K
k�1 S(k)

􏽱

Peak frequency P4 � fk[s(k)max]

Mean frequency standard deviation P5 �

�����������������

􏽐
K
k�1 (S(k) − P1)

2/K
􏽱

where s(k) is a spectrum for k � 1, 2, . . . , K, K is the number of spectrum lines, and fk is the frequency value of the k-th spectrum line.
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Figure 9: Relation between the vibration feature parameters and the stability safety factor: (a) mean frequency and safety factor; (b) center
frequency and safety factor; (c) root mean square frequency and safety factor; (d) peak frequency and safety factor; and (e) mean frequency
standard deviation and safety factor.
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(microelectromechanical accelerometer, electromagnetic
vibration exciter, LDV, etc.) [21, 30, 33], more studies are
focusing on vibration feature parameters to monitor
geotechnical slope. According to equation (3), there are
quantitative relations between the natural frequency
characteristics of rock blocks and their stiffness, while
Figure 9 shows that there is a good correlation between five
frequency-domain parameters and the safety factor of the
rock block. .erefore, the five vibration feature parameters
calculated by the equations in Table 2 can identify the
decrease of rock block stability. From Figure 11, in the
process of a rock block instability, the damage sensitivity of
the comprehensive evaluation indicator PCF calculated by
equation (7) is better than displacement, and the evolution
of the PCF illustrates definite stages and instability pre-
cursor characteristics. Consequently, the monitoring of
vibration feature parameters will provide a positive ref-
erence for the early warning of hazardous rock blocks in the
future.

7. Conclusions

In this study, a fundamental physical model experiment is
designed to explore the feasibility of using vibration feature
parameters monitored by laser vibrometry to assess the
stability of hazardous rock blocks on slopes.

.e experimental results show that the stability safety
factor of the block is negatively related to the mean fre-
quency and the mean frequency standard deviation and
positively related to the center frequency, the peak frequency
and the root mean square frequency, which indicates that
with decreasing block stability, the magnitude and con-
stringency of the frequency domain increase, and the main
frequencies gradually decrease. We also find that using a
single vibration feature parameter to evaluate the stability
may lead to misevaluation.

Furthermore, the principal component factor (PCF) of
the vibration feature parameters has distinct stage charac-
teristics, i.e., “stationary-deviation-acceleration,” which can
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effectively characterize the stability evolution trend of the
block, and its abnormal sudden drop in the acceleration
stage is a precursor of collapse. In contrast, the displacement
does not produce an obvious response before the block
collapse..us, the damage sensitivity of the vibration feature
parameters is better than that of the displacement. .e
monitoring of vibration feature parameters can provide a
useful reference for the safety evaluation and early warning
of a hazardous rock block on a slope.
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