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ABSTRACT  Rock cellapse, disasters, characterized by their broad spatial distribution, recurrent occurrence, and abrupt
unpredictability,/are\considered one of the most formidable geological hazards to monitor and predict among the three major
geological disasters. [To address the limitations of current macroscopic displacement-based monitoring methods in meeting
early warning requirements for rock collapse, this study proposes a novel slope dynamics theory based on Newton's second
law and develops micro-core intelligent monitoring and early warning technology, thereby establishing an innovative
"technology-management integration" framework for situational awareness and disaster prevention/mitigation of sudden
geotechnical hazards. This study systematically analyzes and discusses theories of rock mass instability dynamics,
monitoring and early-warning technologies, critical issues in discussion, and application prospects with case studies from
four key perspectives: theoretical framework, technological innovation, methodological challenges, and practical

implementation. First, by breaking through the traditional limit equilibrium theory, a slope dynamics theory based on
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Newton's second law has been proposed. Through a pendulum proton model generalized from dangerous rock masses, a
dynamic stability evaluation method has been established to characterize the degree of detachment reflecting nonlinear
failure characteristics of dangerous rocks. Second, a "four-in-one" monitoring index system integrating statics, dynamics,
kinematics, and environmental parameters has been developed. Building upon cloud-edge integration technologies for
intelligent dynamic sensing equipment, a disaster prevention concept combining technical monitoring with engineering
management has been formulated for dangerous rock collapse. Finally, future research directions for dynamic monitoring and
early warning systems are prospected. Application analyses have been conducted on reservoir rock slopes and mine side
slope rock masses, providing references for scientific prevention and control research of sudden brittle disasters. Key
innovations include: (1) The development of a slope dynamics theory transcending traditional limit equilibrium analysis. (2)
A pendulum proton model generalized from unstable rock masses that enables dynamic stability assessment by quantifying
detachment severity through nonlinear failure characteristics. (3) The creation of a four-dimensional;monitoring index system
integrating static, dynamic, kinematic, and environmental parameters. Leveraging cloud-edge’ collaborative intelligent
sensing, this framework combines technical monitoring with engineering governance for rock ¢ollapse/prevention. (4) Case
validations at the Houziyan open-top rock slope and the surrounding rock mass in Hainan metalvmine demonstrate the
operational efficacy of the proposed real-time multi-model early-warning system. The”dynamics theory resolves stability
evaluation challenges across rock collapse evolutionary phases, while the four-diménsionalkmetrics enable data-driven safety
alerts. To achieve early warning of brittle rock collapse disasters and overcome{the critical limitation that conventional
displacement-based warning technologies can only provide last-minute_alerts (typically on a minute-to-second timescale),
developing advanced early warning mechanisms with intelligent semsing Systems represents the imperative direction for
future disaster prevention. This study conducts a comprehensive reviey of ‘emerging destabilization dynamics theories,
intelligent sensing technologies, and novel technology-mandgemént ihtegration frameworks from multidisciplinary
perspectives. Through two representative case studies, the systematic{examination of practical implementations of dynamic
monitoring and early-warning systems in geological disastet pfevention is presented. Future efforts must prioritize theoretical
robustness, sensor innovation, and Al integration to/enable ‘proactive disaster prevention in infrastructure, mining, and
reservoir projects worldwide.

KEY WORDS: unstable rock collapse; early warning; disaster prevention and reduction; dynamic theory; microcore sensing;
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Fig. 1 Dynamic evolution process of unstable rock mass: (a) deformation failure process of unstable rock mass; (b) Anti-skid

force change of unstable rock mass
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Fig.2 Schematic model of unstabl s dynamics: (a) simplified force diagram of unstable rock mass; (b) single

ulum'proton model of unstable rock mass
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Table 1 Application of dynamic indicators in unstable rock monitoring

Volume/m3-

Monitoring indicators Monitoring purpose Location Content reference (year)

Characteristic
Sliding force-anchor Validation of sliding force . . 1.1*10°-
cable for landslide pre-warming Open pit iron ore, China Rock bedding slope [43] (2004)
*105-
Leventina valley, Switzerland. Slidin 3r(1 lolin ! [44] (2006)
Microseismic event Definition hazard zenes g[?nk?lzf:vn—g Sope
Mount San Martino, Italy Limestone rock cliff [45] (2013)
. Evaluation oflandslide . . Unknown-
Base compressive stress displaceptiragd Three Gorges Reservoir,China. Sliding or toppling slope [46] (2012)
7.6%102-
Bourne valley, France Lmestone column [39] (2016)
o L 4 } 107
Vibration polarization/ Capabilition ‘of internal Matter valleyS, witzerland 3.0 10 33] (2019)
resonance frequency damage Rtrogressive rock
. . 1.4 *10%-
Alpe di Roscera, Switzerland phibolitic gneiss slope [47] (2021)
N i *10°1-
Site-to-reference Capability testing of Perledo-Varenna, Italian . 1.5%10 [48] (2022)
. N . Prealps Prism shape rock
spectral ratios/ Waye monitoring a small rock 29105 Tower shape
velocity block Zengziyan, China ) oW P [49] (2023)
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Table 2 Monitoring indicators for different stability stages of unstable rock mass

Current stage Monitoring indicators Characteristics of the stage Warning target
Vibration frequency, mode shape Good adhesion, with a certain
Stable stage q 3 pe, degree of safety margin, and no Security warning

vibration stiffness, etc . .
obvious deformation

Adhesion and friction, with
dynamically changing safety states, Security warning
and slight deformationss
The main force-friction, in aneat-
sliding state, with obviogs Instability warning
vibration and acceleration process:

Weakly stable stage Acceleration, d.ampmg ratio, strain,
tilt, etc
Acceleration, velocity,

Instability stage .
¥y stag displacement, etc
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