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Rock block tilting is one of the most common types of dangerous rock block

failures with no clear indicator of displacement prior to failure. Existing stability

evaluation methods remain limited in their ability to constrain the non-

penetrating section area, which is closely related to rock stability, and

stability evaluations are therefore associated with large uncertainties. The

dynamic characteristic parameters of toppling dangerous rock are closely

related to structural plane strength. Under vibration loading, rainfall, and/or

excavation unloading conditions, the structural plane becomes damaged and

the dynamic characteristic parameters change. In this study, we present a

dynamic characteristic model of rock tilting and identify the quantitative and

qualitative relationship between dynamic characteristic parameters and the

bonded area of the structural plane. The model accuracy is verified by

experiments. The experimental results show that the damping ratio

decreases linearly with structural plane damage, whereas the maximum

vibration speed and particle trajectory increases nonlinearly and the natural

vibration frequency decreases nonlinearly. The dynamic characteristic model

and experimental results can be used to evaluate the degree of structural

surface damage of toppling dangerous rock.
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Introduction

The collapse of toppling dangerous rock is characterized by a sudden burst and spatial

dispersion. Rock block stability is related to many external factors (e.g., rainfall, seismic

activity, blasting, excavation unloading) whereas internal factors (e.g., rock strength,

mechanical properties and conditions) control the structural plane. A combination of

internal and external factors may ultimately lead to cracking of the structural plane and

bond area reduction, which reduce the structural plane strength and anti-tipping torque.

Rock falls occur when the anti-falling torque is smaller than the tilting moment. Selection
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of appropriate bonding condition analysis indicators is therefore

a key factor for evaluating the stability of toppling dangerous

rock. Previous studies have shown that dynamic characteristic

parameters change regularly during gradual separation and

structural plane damage processes. Damage evaluation

modeling based on dynamic characteristic parameters is

therefore of great theoretical significance and can help

engineering applications to identify, evaluate and monitor the

stability of toppling dangerous rock, and predict rock failure (Jia,

2018).

Structural damage identification and stability evaluation

based on dynamic characteristics are widely used in the field

(Han and Shi, 2011). Proposed damage identification of a derrick

steel structure based on the frequency and equivalent damage

coefficient. Damage location has been identified using the

second-order frequency change ratio and frequency squared

change ratio, and the rate of frequency change has been used

to identify the degree of damage. This approach is simple, easy,

and efficien. Chen et al. (2010) assessed structural damage

according to formation and perturbation changes before and

after the damage, and checked the evaluation accuracy based on

the natural vibration frequency change. The feasibility of the

method was verified by numerical simulation. Zhang and He

(2014) expressed a structure’s mass matrix and stiffness matrix as

a function of unit damage parameters according to the matrix

perturbation theory and proposed a method to identify the

structural damage based on frequency and mode perturbation.

Structural damage identification techniques have been

developed in the field of rock damage identification but

currently remain in the basic experimental stage (Liao et al.,

2016; Li et al., 2022; Zhang et al., 2022). Studied the vibration

characteristics during fan blade fatigue loading, analyzed the

vibration frequency variation, and established a dynamic

characteristic model. The experimental results showed that

the difference between the driving and natural frequency is

closely related to the vibration amplitude and frequency

fluctuation in the forced vibration. Ma et al. (2012) and Ma

et al. (2011) measured the vibration frequencies of concrete

blocks with different bonding conditions. The experimental

results showed that the natural vibration frequency was closely

related to adhesion conditions. Du et al. (2022), Du et al. (2020)

and Du et al. (2016) determined the relationship between the

natural vibration frequency and cohesive force of rock blocks

through stress analysis and reported a stability evaluation based

on the natural vibration frequency. Yao (2016) and Ye et al.

(2015) studied falling rock qualitatively and established a

stability evaluation model based on dynamic characteristic

parameters. Jia et al. (2017) established a dynamic

characteristic model of crash-damaged and slip-damaged

rock blocks. The relationship between the safety factor and

natural vibration frequency was identified on the basis of the

dynamic characteristic model and limit equilibrium method,

and safety evaluation and early warning monitoring plans for

rock blocks were established based on the natural vibration

frequency (Du and Xie, 2022). Du et al. (2022), Du et al. (2021)

and Du et al. (2017) studied the collapse mechanism and early

warning index of dangerous rock through experiments. Fukata

et al. (2013) assessed the soil burial depth of rock blocks

according to the natural vibration frequency in three

directions, the size of the rock block, and the soil

mechanical properties.

The damage identification method of rock structures

based on dynamic characteristic parameters can rapidly

assess rock block stability. (Jia et al., 2021). However, the

existing dynamic characteristic model is narrow in focus and

does not accurately reflect the variation law of the dynamic

characteristic parameters of rock masses in all failure modes.

In this paper we present a theoretical study of the dynamic

characteristics model and dynamic characteristic parameter

behavior of collapsing rock blocks. We perform experiments

to verify the model results.

Dynamic characteristic model

Toppling dangerous rock

The back edge of a toppling dangerous rock has a large angle

along the main control structure plane, and the bottom has a

concave cavity formed by differential weathering. Under internal

and external forces, the rock block forms a destructive torque that

rotates outwards and forms a vandal-resistant moment that turns

inwards When the breaking torque that turns outwards is greater

than the outward turning moment, the rock block collapses. The

rock block swing is shown in Figure 1.

FIGURE 1
Force diagram of toppling dangerous rock.
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The stability of a rock block is closely related to the load it

bears. In the natural state, the load of the block is caused mostly

by gravity, vibrational load, and internal and external cavity

water pressure.

1) Gravity

The rock block volume can be obtained through site surveys.

In the stability calculation, gravity is generally applied to the

center of gravity and the direction of gravity is vertically

downward:

W � abhγ (1)

Where W and γ represent rock weight (kN) and bulk density

(kN/m3), respectively.

2) Vibration load

The vibration load acting on a rock block is usually obtained

using the pseudo-static calculation method where the vibration

load acts on the weight of the rock block:

P � λW (2)
Where P is the vibration load (kN) and λ is the dimensionless

vibration load coefficient. When the horizontal vibration load

coefficient is selected, the calculated vibration load is the

horizontal vibration load (i.e., the direction horizontal to

the free surface) and when the vertical vibration load

coefficient is selected, the vibration load can be calculated

as a vertical vibration load in the vertically downward

direction.

3) Fissure water pressure

In the existing stability analysis of slope rocks, the fissure

water pressure is calculated based on the linear distribution of the

static water pressure, which is perpendicular to the main control

structure plane and acts as a filling height of 1/3 above the tip of

the main control structure plane.

V � 1/3γwh2w (3)

Where V represents the fissure water produced by the static

pressure (kN/m), γw is the fissure water bulk density (kN/m3),

and hw is the water filling height (m).

Dynamic characteristics

The damage to a rock block structure is directly reflected in

its dynamic characteristic parameters (e.g., natural vibration

frequency, vibration mode, damping ratio, changes in

amplitude and particle trajectory), which are easy to obtain

and can produce high-precision results without parameter

analysis using a complicated mathematical model. These

parameters are therefore important for assessing the structural

plane damage of a dangerous rock block.

When an object is free to vibrate, it reciprocates

periodically over a given time period. Once a rock block is

disturbed by natural or artificial external forces, the structural

plane becomes damaged and the bond strength of the slope

rock body decreases continuously. These features are reflected

in the particle trajectory and amplitude. A dangerous rock

block is not only the particle track of a stable rock block, but

also enhances the waveform amplitude. Damage of the

structural plane generally leads to a reduction of the

structural plane area or bond strength. The friction

between the blocks increases, resulting in a change in the

system’s damping. The damage degree of the structural plane

can be judged to some extent using the damping variation. The

study of vibration resistance of dangerous rock blocks is

therefore of great significance for understanding slope

stability. In addition to the natural vibration frequency, the

particle trajectory, amplitude, and damping ratio can be used

FIGURE 2
Simplified mechanical model of toppling dangerous rock.

FIGURE 3
Vibration model of toppling dangerous rock.
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for structural damage identification. Using these methods,

laboratory experiments have identified the damage degree of

rock block structures.

Modeling procedure

Toppling dangerous rock are typically relatively isolated

single rocks with good block integrity and high overall

stiffness. Forces are mainly transmitted by a relatively weak

structural plane and the physical properties of the main

control structural plane significantly influence the dynamic

characteristics of the block.

In terms of vibrational characteristics, the rock block pivots

on the edge of the concave cavity, forms a rotational force

distance outside the inclined slope, and swings up and down

when subjected to external forces. The simplified model of the

pendulum vibration rock block, without damping, is shown in

Figure 2.

Rock block tilting is caused by gravity, vibrational load, and

fissure water pressure. When the shear strength of the structural

plane is insufficient to resist the gravitational load, vibrational

load, and fissure water pressure, the rock body falls. The parent

rock can be regarded as an infinite block relative to the rock

block. The overall stiffness of the pedestal and rock block is high.

The strength of the structural face of the rock block is weak

relative to the strength of the rock block and parent rock. When

subjected to external forces, the rock block can be regarded as a

ball, the structural plane is regarded as a spring, and the parent

rock transmits power to the rock block through the structural

plane. The block body swings along the pivot because the parent

rock is regarded as an infinite block body which does not affect

the system swing. Pendulum vibration can be used to model the

dynamic characteristics of toppling dangerous rock failure. The

theoretical model of pendulum vibration in a rock block is shown

in Figure 3.

The parent rock is assumed to be large relative to the rock

block, and the latter is represented by a ball. The main controlling

structural plane is isotropic and the system damping ratio is less

than 1. Deformation in the amplitude range is linear elastic, and

the vibration model of the rock block can be simplified into a

pendulum dynamic characteristic model, with the constitutive

equation given by Eqs. 4, 5 (Jia et al., 2021):

MgL + EIl � 0 (4)
I � AB3/12 (5)

Then the vibration frequency can be derived as Eqn. 6:

f � 1
π

�����
ElAB3

48ML

√
(6)

Where f is the natural frequency of undamped system (Hz); E is

the elastic modulus (Pa); M is the mass of toppling dangerous

rock (kg); I is moment of inertia of structural section; L is the

distance between the centroid of toppling dangerous rock and O

(m); l is the distance between O and the centroid of bounding

surface (m); A is the bonding surface width of toppling

dangerous rock (m); B is the bonding surface length of

toppling dangerous rock (m).

In the above theory, the system damping effect is neglected.

When the system damping ratio is equal to 1 (critical damping)

or is greater than 1 (overdamped), the motion of the system is

rapidly attenuated, there is no vibration characteristic, and the

vibration frequency of the rock block does not exist. The model

therefore does not apply to the critical damping and over-

damping rock block system. When the damping ratio of the

FIGURE 4
Experimental model of rock blocks.

FIGURE 5
Doppler laser vibrometer.
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rock block is less than 1 (weak damping system), the natural

vibration frequency of the damped pendulum vibration of the

rock block can be obtained.

f d �
�����
1 − ξ2

√
π

�������
ElS3

48MLA2

√
(7)

Where fd is the natural frequency of damped system (Hz); ξ is

the damping ratio of the system (unitless); S is the bonding

surface area (m2);

It can be seen from Eqn. 7 that the rock block bonding area is

positively correlated with the natural vibration frequency, and

the pendulum length and mass are negatively correlated with the

natural vibration frequency.

Experimental study

An orthogonal experiment was carried out by selecting two

factors: rock block mass and bonding area. The natural vibration

frequency of the experimental block was monitored and

compared with the theoretically calculated natural vibration

frequency. The experimental design was also used to monitor

the dynamic characteristics of the experimental model, and the

TABLE 1 Experimental results.

Side
length/
cm

Bonding
area/cm2

Theoretical
frequency/Hz

Measured
frequency/Hz

Frequency
error (%)

Particle
trajectory/mm

Damping
ratio

Maximum
vibration speed/
mm/s

10 20 1.12 1.08 3.48 0.310 0.178 0.0506

10 40 3.16 3.27 3.32 0.150 0.151 0.0450

10 60 5.81 5.85 0.61 0.070 0.119 0.0350

10 80 8.95 9.57 6.90 0.032 0.089 0.0340

10 100 12.51 12.12 3.12 0.017 0.051 0.0320

15 45 1.37 1.42 3.61 0.170 0.120 0.0380

15 90 3.88 3.79 2.23 0.090 0.085 0.0140

15 135 7.12 7.13 0.12 0.040 0.062 0.0120

15 180 10.96 10.32 5.87 0.019 0.040 0.0118

15 225 15.32 15.96 4.16 0.010 0.011 0.0110

20 80 1.58 1.48 6.48 0.150 0.081 0.0127

20 160 4.48 4.58 2.32 0.050 0.050 0.0047

20 240 8.22 8.65 5.19 0.010 0.036 0.0040

20 320 12.66 12.69 0.24 0.005 0.014 0.0039

20 400 17.69 18.13 2.47 0.003 0.008 0.0037

FIGURE 6
Natural vibration frequency of different size blocks with different bonding areas.
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variation of the dynamic characteristic parameters with the

bonding area was further analyzed.

Experimental design

1) Model verification experiment design

In the experiments, a block of marble with side lengths of

10 cm, 15 cm and 20 cm was selected and each block was

measured for its dynamic characteristics under different

bonding areas. The bonding surface was made of a 2.5-cm-

thick Elastic plastic plate that was not corroded by glue. The

elastic modulus of the structural plane is 2.0 GPa. The rock

mass and bonding surface were bonded with non-corrosive

epoxy resin. In the experiment the earth was used as the

pedestal to ensure that the pedestal was infinite relative to

the experimental rock block and that the pedestal has no

effect on the vibration of the block during the experiment

(Figure 4).

The marble block, bonding surface, and vertical wall surface

were bonded by glue to change the contact area between the foam

board and rock block. The natural vibration frequency of the rock

block under different bonding areas wasmeasured for nine sets of

experiments.

2) Additional dynamic characteristics experiment

The experiment uses Doppler laser vibrometer to monitor

the damping ratio, particle trajectory, and the maximum

vibration speed of the experimental blocks under different

bonding areas. We then studied the relationship

between structural damage and the dynamic characteristic

parameters.

The Doppler laser vibrometer is a high-precision vibration

measuring device based on the principle of optical interference. It

FIGURE 7
Relationship between maximum particle trajectory and bonded area under the same excitation.

FIGURE 8
Relationship between damping ratio and bonded area.
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can accurately measure vibration signals, including displacement

and velocity. The maximum frequency can reach 10000 Hz and

the measurement resolution can reach 2.5 nm/s and 2 pm.

Doppler laser vibrometer is shown in Figure 5.

Experimental results

The experimental results are listed in Table 1. Under different

bonding area conditions, the difference between the theoretical

and measured natural vibration frequencies is less than 6.90%

with an average error of 3.34%, indicating good agreement

between the theoretical value and the measured value. The

theoretical value is consistent with the measured value,

indicating the accuracy of the theoretical model.

Discussion

Relationship between vibration frequency
and bonding area

In the experiment, the block was struck for excitation and the

vibration time-domain curve of the marble block was recorded

using a laser vibrometer. The vibration time-domain curve

obtained from the experiments was Fourier transformed and

filtered to obtain the experimental blocks of the experimental

block frequency-domain diagram. The measured vibration

frequency of different sized experimental rock masses under

different bonding areas and the theoretical values calculated

by the model are plotted in Figure 6.

For the 10-cm blocks with bonded areas of 20, 40, 60, 80,

and 100 cm2, the natural vibration frequencies were1.08, 3.27,

5.85, 9.57, and 12.12 Hz, respectively (Table 1 and Figure 6).

For the 15-cm blocks with bonded areas of 45, 90, 135, 180 and

225 cm2, the natural vibration frequencies were 1.42, 3.79,

7.13, 10.32, and 15.96 Hz, respectively (Table 1 and Figure 6).

For the 20-cm blocks with bonded areas of 80,160, 240,

320 and 400 cm2, the natural vibration frequencies were

1.48, 4.58, 8.65, 12.69, and 18.13 Hz, respectively, (Table 1

and Figure 6).

For the blocks, the natural vibration frequency increased with

bonding area when other conditions were held constant, that is,

the natural vibration frequency of the rock block gradually

decreased with damage of the structural plane. The natural

vibration frequency can quantitatively identify the bonding

area of the structural surface, and then realize the stability

evaluation of the toppling dangerous rock.

Relationship between particle trajectory
and bonded area

Analysis of the five groups of experiments show a

relationship between the particle trajectory and bonded area,

as shown in Table 1. Figure 7 shows that the maximum value of

the particle trajectory of the experimental block decreases linearly

with increasing bonded area.

In summary, for the 10-cm blocks, the particle trajectory of

the experimental block decreases with increasing bonding area

under the same excitation conditions. When the bonding area

was 20 cm2, the particle trajectory range does not exceed

0.31 mm, and the bonding area is 40 cm2. The particle

trajectory range of motion does not exceed 0.15 mm. When

the bonded area is 60 cm2, the particle trajectory range does

not exceed 0.07 mm. When the bonded area is 80 cm2, the

particle trajectory range does not exceed 0.032 mm. When the

bonded area is 100 cm2, the particle trajectory range does not

exceed 0.017 mm. For 15-cm blocks, the particle trajectory of the

experimental block decreases with increasing bonding area under

FIGURE 9
Relationship between maximum vibration speed and bonded area.

Frontiers in Earth Science frontiersin.org07

Jia et al. 10.3389/feart.2022.942025

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.942025


the same excitation conditions. When the bonding area was

45 cm2, the particle trajectory range does not exceed 0.17 mm,

and the bonding area is 90 cm2. The particle trajectory range of

motion does not exceed 0.09 mm. When the bonded area is

135 cm2, the particle trajectory range does not exceed 0.04 mm.

When the bonded area is 180 cm2, the particle trajectory range

does not exceed 0.019 mm.When the bonded area is 225 cm2, the

particle trajectory range does not exceed 0.01 mm. For 20-cm

blocks, the particle trajectory of the experimental block decreases

with increasing bonding area under the same excitation

conditions. When the bonding area was 80 cm2, the particle

trajectory range does not exceed 0.15 mm, and the bonding area

is 160 cm2. The particle trajectory range of motion does not

exceed 0.05 mm. When the bonded area is 240 cm2, the particle

trajectory range does not exceed 0.01 mm.When the bonded area

is 320 cm2, the particle trajectory range does not exceed

0.005 mm. When the bonded area is 400 cm2, the particle

trajectory range does not exceed 0.003 mm.

After being disturbed by external force, the structural surface

is damaged, and the bond strength of the toppling dangerous

rock decreases continuously. The active area of the particle

trajectory is significantly expanded, so the particle trajectory

can quantitatively identify the damage and stability of the

structural plane of the toppling dangerous rock.

Relationship between damping ratio and
bonding area

For the same experimental block, the damping ratio

decreases as the bonded area between the experimental block

and ground increases (Figure 8).

Based on the damping and experimental data of the

bonded area, the relationship between the damping ratio

and bonded area of the block is shown in table and

Figure 7. For the experimental block with a side length of

10 cm under the same excitation, the damping ratio of the

experimental block decreases with increasing bonded area.

The damping ratio is 0.178, 0.151, 0.119, 0.089 and

0.051 when the bonded area is 20, 40, 60, 80 and 100 cm2,

respectively. For the experimental block with a side length of

15 cm under the same excitation, the damping ratio of the

experimental block decreases with increasing bonded area.

The damping ratio is 0.12, 0.085, 0.06, 0.04 and 0.011 when

the bonded area is 45, 90, 135, 180 and 225 cm2, respectively.

In summary, the damping ratio of the experimental block

decreases with increasing bonding area under the same

excitation conditions. For the experimental block with a

side length of 20 cm under the same excitation, the

damping ratio of the experimental block decreases with

increasing bonded area. The damping ratio is 0.081, 0.050,

0.036, 0.014 and 0.008 when the bonded area is 80, 160, 240,

320 and 400 cm2, respectively. In summary, the damping ratio

of the experimental block decreases with increasing bonding

area under the same excitation conditions.

The damping is mainly determined by the properties of the

structural surface. When the structural surface is damaged, the

area of the structural surface decreases or the bond strength

decreases, the frictional force changes and the damping

changes. Therefore, the damage degree of the structural

surface can be judged to a certain extent through the

damping change. According to the variation law of the

structural plane damping, when the structural plane is

damaged, the damping of the toppling dangerous rock

decreases linearly, and the stability of the dangerous rock

becomes worse.

Relationship between bonding areas and
maximum vibration speed

The relationship between natural vibration frequency and

maximum velocity and bonding area is shown in Table 1.

According to the measured value, the maximum vibration

speed and the bonded area is plotted in Figure 9.

It can be seen from Figure 9 that the maximum vibration

velocity increases nonlinearly as the bonding area decreases

under the same excitation conditions. When the bonding rate

is greater than 50%, the maximum vibration velocity changes

little with the structural surface damage. When the bonding rate

is less than 50%, the maximum velocity change can qualitatively

identify the damage degree of the structural surface.

Conclusion

1) Based on the theory of rock block dynamics, we established

the relationship between the natural vibration frequency of

toppling dangerous rock, the bonding area of the rock block

and bedrock, the elastic modulus, and rock block quality. The

dynamic characteristic model was verified through laboratory

experiments.

2) The dynamic characteristic model and experimental results

show that the dynamic characteristics of toppling dangerous

rock change regularly with structural plane damage. The

maximum vibration speed and maximum particle

trajectory increases nonlinearly, while natural vibration

frequency of the structural plane damage decreases

nonlinearly and the damping ratio decreases linearly.

3) The stability evaluation of toppling dangerous rock based

on dynamic characteristic parameters can be realized by

combining the variation law of the dynamic characteristic

parameters with the limit equilibrium model. The research

results can be applied to the stability evaluation

of hydropower slope or road slope toppling

dangerous rock.
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