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Hazardous rock refers to an unstable rock block that is cut by weak structural planes and gradually separates from the slope.
Hazardous rock generally collapses rapidly, and at present, it is challenging to effectively identify the separation degree of the rock
and accurately predict its sudden failure. In this study, focusing on a hazardous rock with tilt behavior, a microelectromechanical
system (MEMS) acceleration sensor is used in combination with the calculation principle of the included angle of the space vector
to establish a microtilt angle monitoring method. A physical model test is designed, in which a thermally sensitive material (with
heat-sensitive strength) is adopted as the weak structural plane of the hazardous block, and the change in the tilt angle during the
process of block instability is monitored at a sampling frequency of 1000Hz.-e test results show that the accelerated evolution of
the tilt angle is a precursor to hazardous rock failure. In the rapid acceleration stage, the reciprocal of the tilt angle rate is
approximately linear with time, and a correlation equation is obtained. Assuming that the change rate of the tilt angle is ap-
proximately infinite, the failure time of hazardous rock can be predicted using the correlation equation. In addition, the ef-
fectiveness of the instability prediction method based on microtilt angle monitoring is verified by analyzing the long-term
monitoring data of hazardous rock.

1. Introduction

Hazardous rock refers to an unstable rock block that is cut by
multiple sets of structural planes on a steep rock slope and
gradually separates from the slope under the action of
gravity, weathering agents, seepage pressure, and seismic
force. -e failure mode of hazardous rock involves sliding,
toppling, and falling separation forms (Figure 1) [1]. No-
tably, the collapse of hazardous rock is a global mountain
geological disaster that considerably threatens the safety of
infrastructure, human life, and property. To reduce the
disaster risks and losses, it is necessary to effectively prevent
hazardous rock collapse events.

To date, strength theory has generally been used to
identify the stable state of hazardous rock at a certain in-
stance [2–4]. When the tensile (or shear) stress on the
control fissure of the hazardous rock exceeds the tensile (or

shear) strength, the rock mass is expected to collapse [5].
However, conducting regular and detailed investigations of
the geological characteristics, structural features, and me-
chanical properties of hazardous rocks is highly labor and
cost intensive. -erefore, the application of mechanical
analysis or numerical simulation methods to the long-term
monitoring of hazardous rock instabilities is challenging. In
addition, although the mechanical reinforcement of key
engineering rock slopes through supporting measures is an
effective prevention and control method [6, 7], certain
limitations remain in the context of geological disaster
applications. For example, more than 300,000 hidden danger
points pertaining to geological disasters exist in China, and
hazardous rocks account for nearly 20% of these points. Due
to the complex installation procedure and high cost of the
reinforcement method, this approach is not suitable to re-
alize widespread installation under hazardous rock
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conditions. In summary, on-site monitoring is often the
most suitable technique to prevent hazardous rock disasters.

For large-scale rock slopes, synthetic aperture and laser
radars have been used to regularly monitor rock displace-
ment [8–11]. In the case of small-scale hazardous rock,
sudden instability and destruction may occur even under a
small amount of separation, and thus, monitoring must be
realized with a high-resolution and at a high-sampling
frequency. -e early warning that can be obtained using the
manual monitoring method through a total station is not
adequately timely. In addition, the method to monitor a
crack opening through an extensometer involves the dis-
advantages of low applicability and complicated installation
and maintenance [12]. -e abovementioned method iden-
tifies the separation of hazardous rock by monitoring the
displacement; however, for hazardous rock masses with tilt
behavior (Figure 1(b)), the tilt angle of the rock is the main
separation feature. -erefore, the development of a moni-
toring and early warning system that can monitor the
microtilt angle of rock masses in real-time and analyze the
tilt monitoring data to accurately predict the failure time of
hazardous rocks is of significance to guide the risk man-
agement of rock collapse disasters.

In recent years, with the development of microelec-
tronics technology, researchers have formulated a new
monitoring method that adopts the microelectromechanical
system (MEMS) technology to estimate the risk of slope
failure by monitoring the slope surface tilt angle [13–16].
Compared with the traditional instruments used to monitor
slopes, MEMS sensors are small and low cost, and thus, the
cost of building an early warning system can be considerably
reduced. Considering this aspect, the author previously
developed a high-resolution, low-cost, and low-power tilt
sensor by usingMEMS technology [17]. AMEMS tiltmeter is
fixed onto the surface of the hazardous rock body to realize
high-frequency tilt angle acquisition. Additionally, a solar
power supply system is used to ensure self-powered char-
acteristics, and the data are transmitted through wireless
network timing or threshold triggering, thereby ensuring the
real-time and long-term collection of the sensor data.

Research on the slope failure time prediction can be
traced back to the middle of the 20th century. Saito [18]
conducted a series of triaxial compression tests and noted
that the logarithm of the slope failure time was proportional

to the logarithm of the strain rate. Fukuzono [19–21]
conducted a physical test of slope loading failure and ob-
served that the logarithm of the acceleration of the slope was
proportional to the logarithm of the velocity; moreover, the
correlation equation of the inverse velocity and time could
be used to estimate the slope failure time. Due to the clarity
of the parameters in this equation, the associated approach
has been widely used to predict the failure time of a slope
[22–28], and its general form can be expressed as follows:

1
V

� A(α − 1) tf − t  
[1/(α− 1)]

, (1)

where V and t denote the time and deformation rate of the
acceleration stage, respectively; A and α are the fitting
parameters; and tf is the failure time of the slope. -e
equation shows that the curve defined by each point of t
and 1/v is linear, convex, and concave if α� 2, α> 2, and
1 < α< 2, respectively. When α� 2, the failure time of a
slope can be predicted from the time (tf ) when (1/v) equals
0 (infinite velocity). Voight [29, 30] suggested that
equation (1) can be interpreted as a general material failure
law governing the accelerated creep. According to ex-
perimental test results, α generally ranges 1.5–2.2 [19–21].
Specifically, for approximately 50% of these measure-
ments, α is close to 2 [28]. Moreover, practical experience
has demonstrated that the inverse velocity curve is usually
nearly linear, especially in the final stage of slope failure
[31–35].

In this study, a MEMS acceleration sensor is used in
combination with the calculation principle of the space
vector included angle to establish a microtilt angle moni-
toring method. A physical model test is designed, in which a
thermally sensitive material (with heat-sensitive strength) is
used as the weak structural plane of the rock mass, and the
change in the tilt angle during the process of rock block
instability is monitored at a sampling frequency of 1000Hz.
-e results show that the accelerated evolution of the tilt
angle is a precursor to hazardous rock failure. -e corre-
lation equation between the tilt angle rate and time in the
rapid acceleration stage is obtained, and a method to predict
the rock failure time is formulated. In addition, the effec-
tiveness of the instability prediction method based on
microtilt angle monitoring is verified by analyzing the long-
term monitoring data of hazardous rock.

Slide
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Topple

(b)
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(c)

Figure 1: Failure mode of hazardous rock: (a) sliding; (b) toppling; (c) falling.
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2. Monitoring Method

2.1. Tilt AngleAlgorithm. To acquire the tilt angle data of the
instability evolution process of hazardous rock in real-time
and at high frequency, we developed a tiltmeter by using a
MEMS acceleration sensor. In particular, by determining the
component changes in the gravitational acceleration on the
three-way sensitive axis of the sensor, combined with the
calculation principle of the included angle of the space
vector, the tilt angle can be recorded at a sampling frequency
of 1000Hz. Figure 2 shows a schematic of the component
change in the gravitational acceleration on the sensor’s
sensitive axis.

If the gravitational acceleration component vector
(hereinafter referred to as the acceleration vector) in the
initial coordinate system is OG

��→
1,

OG
��→

1 � ax1, ay1, az1( . (2)

If the acceleration vector in the rotating coordinate
system is OG

��→
2,

OG
��→

2 � ax2, ay2, az2( . (3)

Using the included angle of the space vector to represent
the tilt angle θ (rad) measured using the sensor yields

θ � arccos
OG
��→

1 · OG
��→

2

OG
��→

1



 · OG
��→

2





⎛⎜⎝ ⎞⎟⎠. (4)

-e advantages of this angle monitoring method include
a high sampling frequency (0-1 kHz) and applicability to
sudden collapse disasters; moreover, no specific installation
direction must be ensured for the sensor, which can simplify
the installation process for technicians under complex ter-
rain conditions.

2.2. Field Monitoring System. -e complete monitoring
system of a slope rock mass includes data collection,
transmission, reception, analysis, judgment, warning, and
response aspects. -e perceptual layer of the hazardous rock
monitoring system adopts the MEMS tiltmeter to collect the
tilt information of the rock mass. In addition, the wireless
communication method using long-range radio (LoRa)
technology transmits data to the base station over a long
distance with low power consumption. Subsequently, the
2G/4G/5G wireless module transmits the measurement data
to the server computer for further storage and processing.
-e application layer is based on the comprehensive analysis
of the multisource information of the rock mass and pro-
vides an accurate prediction and a rapid alarm regarding the
slope rock mass condition. -e system framework is shown
in Figure 3.

3. Laboratory Test

3.1. Test Model. A concrete block is used to represent un-
stable rock. -e weak structural plane is constructed using a
material with heat-sensitive strength; specifically, sand and

gypsum are used as the aggregates, and paraffin is used as the
gelling agent [5]. An electric heating element is embedded in
the material to control the strength to the weak structural
plane. -e heat-sensitive material is used to bond the
concrete block and based part. As the heating element heats
up, the strength of the material of the weak structural plane
gradually deteriorates. Simultaneously, the MEMS tiltmeter
is used to record the tilt angle of the concrete block at a
sampling frequency of 1000Hz. Figure 4 shows a schematic
of the test model. Table 1 presents the material parameters of
the different test groups.

3.2. Test Procedures. Heating modes with different tem-
perature gradients are set for each of the two specimens to
establish four test groups, as shown in Figure 5. As heat
transfer progresses between the electric heating element and
weak structural plane, the stability of the concrete block
continually decreases, and the block ultimately collapses.
-e infrared thermal image of the concrete block is shown in
Figure 6. -e whole process of the tilt angle change during
block instability is recorded in the test.

3.3. Test Advantages. -e essential cause of collapse of
hazardous rock is the strength degradation of the weak
structural [5]. In the conducted test, the concrete material
ensures that the block has sufficient weight. -e strength-
sensitive material of the potential failure plane guarantees its
own strength and ensures that the block is closely connected
with the base part; moreover, this material exhibits simi-
larities with soft rock in terms of the rheological mechanical
properties [36]. -e advantages of this experiment are as
follows: (1) the whole process of rock collapse under gravity
can be simulated; (2) the sample frequency of 1000Hz
ensures the real-time acquisition of the block dip angle; and
(3) the experiment exhibits a high operability and
repeatability.

3.4. Test Results. Figures 7–10 show the time history of the
tilt angle of the 4 groups of model tests calculated using
equation (4) with average smoothing. Due to the difference
in the volume, weight, strength of the weak structural plane,
and strength reduction rate of the block, the blocks collapses
when the tilt angle increases to 2.8°, 8.7°, 18.8°, and 17.3°. -e
four sets of monitoring curves exhibit clear evolutionary
characteristics; that is, the tilt angle accelerates rapidly before
block instability. In addition, at the beginning of the ac-
celeration phase, the changes in the tilt angle in the four
groups of tests lie within an extremely small range (<3°), and
the proposed monitoring method can realize the real-time
and high-resolution acquisition of the microtilt angle.

4. Field Monitoring

4.1. Description of the Monitoring Site. -e field monitoring
location of the hazardous rock is in Hubei Province, China,
with a subtropical monsoon climate. -e multiyear average
temperature in the region is 15.4°C, the rainfall is mostly
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concentrated from June to September, and the precipitation
reaches 456mm. -e natural mountain in which the haz-
ardous rock mass is located is steep, with a slope inclination
of 65°–80°. Sparse vegetation exists on the slope, and the root
system develops along the joints and fissures. -e hazardous

rock mass is weathered metamorphic rock, with low me-
chanical strength, water permeability, and weathering re-
sistance. -e size of the hazardous rock mass is
approximately 3.1× 3.3× 3.4m. Clear joints and gravita-
tional unloading cracks have developed; the back and lower

Perceptual layer Transport layer Application layer

LoRa 2G/4G/5G

Base station Data platformMEMS tiltmeter

Solar panel

Rain gauge
Camera

Alarm light

Station
terminal

Support

Figure 3: Internet of things framework of the monitoring system.
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Figure 4: Test models: (a) schematic; (b) small specimen; (c) large specimen.
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Figure 2: Coordinate change in the gravity acceleration in the (a) initial and (b) coordinate systems.
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parts exhibit a vertical weak-fracture zone and local com-
pression-crushed phenomenon, respectively. Figure 11
shows a schematic of the hazardous rock and sensor loca-
tions on-site.

4.2. Monitoring Results. Using the proposed monitoring
system, the rock tilt, sensor temperature, and rainfall were
automatically monitored. -e initial frequency of data
transmission was once an hour, and the tilt angle was the
average value of 1000 collected data points in 1 s. At 10:00
am on May 3, 2020 (UTC+ 8), the monitoring system was
deployed. -e 3 sensors were tightly fixed on the slope, and
initial data were obtained. Figure 12 shows the tilt angle and

temperature curve of the MEMS tiltmeter 3 in the preceding
week. In general, although temperature compensation is
conducted in the production of the equipment, due to the
influence of the ambient temperature, sensitive structures
such as chips and circuit boards produce deformation and
stress changes, resulting in the temperature drift of the tilt
angle. -rough the fitting analysis of the actual monitoring
data, the piecewise linear relationship between the tilt angle
and temperature can be obtained:

θ �

−0.00848T + 0.20101, 10≤T< 20,

0.00706T − 0.09795, 20≤T≤ 30,

−0.00199T − 0.15064, 30<T≤ 40,

⎧⎪⎪⎨

⎪⎪⎩
(5)

where θ and T represent the tilt angle and temperature
collected by the MEMS tiltmeter, respectively.

Consequently, the second temperature compensation of
the monitoring data of the three sensors was conducted to
obtain more accurate data by using the fitting relationship
equation and considering the sensor temperature of 20°C
(normal temperature) as the reference.

At 16:00 pm on July 18, 2020 (UTC+ 8), due to the
external effects of rain erosion, the tilt angle change exceeded
1.5°, as monitored by the sensor installed on the hazardous
rock. -e tilt angle rate increased rapidly, and finally, the
hazardous rock collapsed at 2:26 am on July 19, 2020
(UTC+ 8). Figure 13 shows the image after the collapse of
the hazardous rock.

Figure 14 shows the time history curve of the evolution
trend of the tilt angles obtained using tiltmeters 1–3. -e
data monitored using tiltmeter 1 and tiltmeter 2 were
stable. Due to environmental factors, the data inevitably
fluctuated, but the inclination angle changed within 0.3°.
-e data obtained using tiltmeter 3 exhibited notable stage
characteristics. On June 10, 2020, the tilt angle gradually
increased to approximately 0.8° and later stabilized; the
growth rate rapidly increased in the 81 h before the col-
lapse of the hazardous rock. Only 26min was required for
the tilt angle to change from 1.95° to 25.90° (failure angle).
Figure 15 shows the time history curve of the tilt angle
monitored using tiltmeter 3 and the hourly rainfall in the
monitoring area. -e maximum hourly rainfall occurred
at 13:00 on May 9, 2020 (UTC + 8), but the tilt angle did
not produce a notable response. To understand the cor-
relation between the inclination angle and rainfall and
avoid the influence of measurement errors, noise, and
time lags between the causes and reactions of hazardous
rock, a three-day unit was considered to plot the rela-
tionship between the tilt angle rate and precipitation, as
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Figure 5: Temperature gradient heating modes.

Figure 6: Infrared thermal image of the concrete block.

Table 1: Size and weight of the materials.

Material parameters Small specimen Large specimen
Unstable block Weak structural plane Unstable block Weak structural plane

Size (cm)
Length 7.1 7.1 14.0 14.0
Width 7.1 0.6 14.0 1.1
Height 7.1 7.1 14.0 14.0

Mass (g) 789.0 32.1 6048.0 239.8
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Figure 7: Time history of the tilt angle in test 1: (a) whole time history; (b) acceleration stage.
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Figure 8: Time history of the tilt angle in test 2: (a) whole time history; (b) acceleration stage.
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Figure 9: Time history of the tilt angle in test 3: (a) whole time history; (b) acceleration sage.
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Figure 10: Time history of the tilt angle in test 4: (a) whole time history; (b) acceleration stage.
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Figure 11: Image of the hazardous rock mass on-site: (a) slope; (b) hazardous rock; (c) cross-sectional sketch.
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Figure 13: Image after the collapse of the hazardous rock.
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shown in Figure 16. -e tilt rate and precipitation were
weakly correlated, indicating that rainfall did not directly
influence the deformation of the hazardous rock. Fig-
ure 17 shows the time history of precipitation during the
study period. -e precipitation for 3 and 5 days before
collapse is the maximum during the monitoring period,
which is about 3.5 times of the mean precipitation, in-
dicating that rainfall is an important inducing factor for
the collapse.

4.3. Failure Prediction Model. -e results of the model test
and field monitoring demonstrate that hazardous rock ex-
hibits the failure precursor behavior of a rapidly accelerated
increase in the tilt rate. Figure 18 shows the relation between
the reciprocal tilt rate and time of the rapid acceleration
process, as obtained from the model test. An approximately
linear relation exists between the reciprocal tilt rate and time,
and the fitting equations can be derived. -e relevant ex-
pressions are as follows:
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dt

dθ




� a tf − t , (6)

where dt/dθ is the reciprocal tilt rate, t is the time, and a and
tf are the fitting parameters.

-e calculation method of the reciprocal slope rate is

dt

dθ



t�tn

�
tn − tn−1

θn − θn−1




, (7)

where tn and tn−1 denote the n
th and (n− 1)th sampling time,

respectively; θn (°) and θn−1 (°) denote the tilt angle at tn and
tn−1, respectively.

-e form of equation (6) is the same as that of equation
(1) with α� 2. Furthermore, it is assumed that the tilt angle
rate at the moment of failure is infinite, i.e., dt/dθ � 0.
According to equation (6), the predicted failure time is tf.
According to Figure 17, in the four sets of tests, the failure
time obtained from the linear fitting line is similar to the
actual failure time.

For on-site monitoring, the data 50 h before failure are
selected for fitting, and the results are shown in Figure 19.
-e reciprocal tilt rate exhibits a linear relationship with
time in the rapid acceleration process. -e failure time
predicted using the fitting curve is 3:28 am on July 19, 2020
(UTC+ 8), which is close to the actual failure time at 2:26 am
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Figure 18: Relation between the reciprocal tilt rate and time in the model test: (a) test 1; (b) test 2; (c) test 3; (d) test 4.
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Figure 19: Relation between the reciprocal tilt rate and time of field monitoring.
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on July 19, 2020 (UTC+ 8). -is result shows that the
proposed method can guide the accurate and effective risk
management of hazardous rock failure.

5. Discussion

In this study, physical model tests were conducted to obtain
the tilt angle history data of the process of block instability
caused by the deterioration of the main control structural
plane. Since the structural plane in the test was a homo-
geneous material, a linear relation existed between the re-
ciprocal tilt angle rate and time in the acceleration stage.
Assuming the tilt angle rate to be infinite, the time of block
instability could be accurately predicted using equation (6),
with an error of less than 1 s. -e specific fitting results are
given in Table 2. -e proposed method was verified through
fieldmonitoring, and the data 50 h before the instability were
in agreement with those obtained using the proposed pre-
diction model.

Furthermore, we fitted the data of the complete accel-
eration stage in the field monitoring. -e time history of the
reciprocal tilt angle rate is shown in Figure 20. -ree linear
trends can be observed between the reciprocal tilt angle rate

and time due to the nonlinear expansion of the rock mass
fractures in the field. -e detailed calculation results of the
prediction model are given in Table 3. -e prediction results
of the first two trends exhibit large errors, and the last linear
trend before failure exhibits a more accurate prediction
result with an error of 1.03 h. -erefore, in the process of
early warning judgment, attention should be focused on the
change in the acceleration trend in the process of defor-
mation monitoring [20]. When the trend of the reciprocal
tilt angle rate changes, a new linear fitting should be con-
ducted to obtain accurate prediction results.

In addition, we selected different data volumes for the
last linear trend of the reciprocal tilt angle rate as samples to
analyze the fitting errors under different forecast lead times.
-e detailed fitting results are shown in Figure 21. -e
prediction model provided a reasonably accurate prediction
12 h before the failure of the hazardous rock masses, and the
error was approximately 1 h. -erefore, the prediction
method exhibited a high timeliness. Moreover, because on-
site monitoring was affected by the ambient temperature, the
reciprocal tilt angle rate for the same linear acceleration
trend process exhibited certain fluctuations. Figure 22 shows
the frequency spectrum of the data monitored using

Table 2: Comparison of the predicted failure time and actual failure time in the model test.

Category Predicted failure time (Tpf ) (s) Actual failure time (Taf ) (s) Tpf − Taf (s)

Model test

Test 1 3460.236 3460.700 −0.464
Test 2 2865.342 2865.500 −0.068
Test 3 6010.502 6011.279 −0.777
Test 4 4630.361 4630.195 0.171
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Figure 20: Time history of the reciprocal tilt angle rate in the whole acceleration stage.

Table 3: Comparison of the predicted failure time and actual failure time in field monitoring.

Category Predicted failure time (Tpf ) (h) Actual failure time (Taf ) (h) Tpf − Taf (h)

Field monitoring
Trend 1 1821.360

1841.430
−20.07 h

Trend 2 1806.960 −34.47 h
Trend 3 1842.460 −1.03 h
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tiltmeter 3; a total of 1,807 data points were recorded in the
monitoring. Due to the change in the ambient temperature
caused by the alternation of day and night, the variation in
the tilt angle corresponded to cyclic fluctuations. According
to the spectrogram, the fluctuation periods were approxi-
mately 1 d. -erefore, to more accurately predict the failure
time of hazardous rock, the duration of the acceleration
stage must be at least 24 h.

6. Conclusions

(1) Combining a MEMS acceleration sensor with the
calculation principle of the space vector including
angle, a tilt angle monitoring algorithm is estab-
lished, and a hazardous rock automatic monitoring
system is developed by integrating acquisition and
transmission capabilities and a power supply.

(2) A physical model test is designed, in which a ther-
mally sensitive material (with heat-sensitive
strength) is used as the weak structural plane of the
hazardous block, and the evolution characteristic of
the tilt angle before failure of the block during the
process of structural plane deterioration is obtained.
-e accelerated evolution of the tilt angle is a pre-
cursor to hazardous rock failure. In the process of
rapid acceleration, an approximately linear rela-
tionship exists between the reciprocal tilt angle rate
and time, and the relevant equations are derived.
Assuming the tilt angle rate to be infinite, the failure
time of hazardous blocks can be predicted using the
correlation equation.

(3) An automatic tilt angle monitoring system is
deployed for hazardous rock in Hubei Province,
China. -e inclination evolution trend of the whole
process of rock failure is obtained, and the feasibility
of the monitoring method and prediction model is
verified. However, in the process of early warning
judgment, attention should be focused to the change
in the acceleration trend in the process of defor-
mationmonitoring.When the trend of the reciprocal
tilt angle rate changes, a new linear fitting should be
conducted to obtain accurate prediction results.
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