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Rapid post-earthquake assessment of large dams is essential in seismically
active mountain regions. We develop an online dam-safety monitoring
framework for cascade hydropower stations in the Yalong River Basin.
Two earthquake risk indices (R; and R,), derived from a reservoir seismic
network and a dam strong-motion system, trigger intensified monitoring
with prioritized data acquisition and an automated preliminary report within
about 15 min after shaking; a concise post-earthquake brief is produced
within about 30 min when the workflow is completed. An elastoplastic
deformation monitoring model is coupled with static and dynamic structural
analyses to evaluate displacement/stress states and infer potential damage.
A three-dimensional early-warning matrix integrates monitoring, inspection,
and structural-calculation results to provide graded safety assessment. Basin-
scale application demonstrates efficient decision support and helps quantify
dam-valley rock-mass responses in a complex seismotectonic setting.
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1 Introduction

With the continuous implementation of the dual-carbon strategy, hydropower, as a clean
and renewable energy source with strong peak-shaving capability, plays an increasingly
important role in optimizing the energy structure and ensuring the stable operation of power
systems (Chu and Majumdar, 2012; Adams and Acheampong, 2019; Jurasz et al., 2020;
Hou et al,, 2023; Amiri and Gueniat, 2024). Southwest China is rich in hydropower
resources and has therefore become a concentrated region for the construction of high
dams and large reservoirs (Huang, 2012; Chong et al., 2016; Wang et al., 2017; Tu and
Deng, 2020). At the same time, this region lies in one of China’s major earthquake zones,
characterized by frequent seismicity and a high probability of strong events (Lei et al., 2017;
Del Gaudio et al., 2019; Lei et al., 2019; Meng et al., 2019; Atkinson et al., 2020; Liu and
Zahradnik, 2020; Huang et al., 2021). For example, the Mw 8.0 Wenchuan earthquake on
12 May 2008 caused structural damage to the Zipingpu Dam and posed a potential threat
to the safety of Chengdu (Yang, 2012), and the 5 September 2022 Luding Ms 6.9 earthquake
induced a plastic deformation increment of up to 20.04 mm in the crown beam of the
Dagangshan extra-high arch dam (Huibao et al., 2023).
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Worldwide, dams have experienced seismic damage when
ground motions approach or exceed design levels, and even
when overall stability is maintained, local cracking and
seepage may still occur—highlighting the need for timely post-
earthquake assessment for emergency response and mitigation
(Gao and Chen, 2001).

In mountainous river basins, earthquakes can jointly affect
dams and surrounding slopes, forming a coupled disaster
chain that interacts with reservoir operations (Huang, 2012;
Chong et al,, 2016; Wang et al., 2017; Tu and Deng, 2020). The
Yalong River Basin lies along the eastern Tibetan Plateau margin
in an active tectonic-geomorphic setting (Clark et al., 2004;
Wissink et al., 2016; Deng et al., 2018), where frequency-magnitude
screening provides basin-scale context (Salari, 2025) and robust
numerical seismic-response tools are widely emphasized (Nikvand
and Hajialilue Bonab, 2025).

In the field of seismic safety of hydraulic structures, extensive
research has been devoted to dynamic input at dam sites, the
seismic response of the dam-reservoir-bedrock system, the
dynamic mechanical behavior of dam and foundation materials,
and the seismic reliability and safety evaluation of structures
(Zouetal., 2012; Chuhan et al., 2016; Liu et al., 2016; Ren et al., 2016;
Lingao, 2017; Houqun, 2018; Jiang et al., 2018; Xu et al., 2018;
Xu and Feng, 2018; 2019; Song et al., 2022; Li et al, 2023;
Pang et al, 2023; Park and You, 2023). These studies have
greatly advanced our understanding of dam seismic behavior
and provided a sound basis for design. However, compared with
analysis and design, research on post-earthquake acquisition of
dam safety monitoring information, rapid structural assessment,
monitoring theory and early-warning mechanisms remains
relatively limited, and operation-period safety monitoring and early-
warning technology for dams under earthquake conditions is still a
blind spot.

The Yalong River Basin sits in an active seismotectonic
setting with steep gorges and unstable slopes. At individual
dam sites, foundation and abutment rock masses are commonly
cut by persistent discontinuities (faults, joint sets, and locally
bedding/foliation), which control deformability, potential sliding
kinematics, and the coupled dam-foundation-abutment response
under seismic loading. This engineering-geological context
motivates a basin-wide operational framework that can rapidly
link seismic triggering, monitoring interpretation and numerical
diagnosis, while also clarifying that site-specific geological
conditions constrain the applicability and interpretation of the
system outputs.

Based on this background, this paper focuses on cascade
hydropower stations in the Yalong River Basin and presents
research and engineering practice on dam safety management
under seismic conditions. The objectives are to improve the
response efficiency and effectiveness of basin-scale dam safety
information systems during earthquakes, to develop a technical
framework for dam safety monitoring under seismic loading,
and to propose an early-warning scheme that integrates
monitoring, inspection and structural analysis results to support
decision-making for earthquake-resistant dam operation and
management.
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2 The online monitoring system of
Yalong river basin

The Yalong River, the largest tributary of the Jinsha River, has a
concentrated elevation drop in its middle and lower reaches and rich
hydropower resources, with a total exploitable capacity of about 30
million kilowatts. Together with planned wind and solar projects, the
total installed capacity in the basin is expected to exceed 100 million
kilowatts. More than 10 hydropower stations have been built or are
under construction, including several world-class high dams such as
Jinping, Ertan and Lianghekou (Huang et al., 2002; Chen et al., 2007;
Zheng et al., 2011; Xiong et al., 2019; He et al., 2021).

The basin lies in the middle segment of the north-south seismic
zone within the Sichuan-Yunnan diamond-shaped block and involves
three main geological-tectonic units. Large-scale and rapid uplift of the
Tibetan Plateau and intense neotectonic movement make boundary
fault zones between different blocks highly active, leading to frequent
earthquakes (Clarketal., 2004; Wissinkeetal.,2016; Gourbetetal.,2017;
Zhang et al,, 2017; Deng et al., 2018). Two strong earthquake belts,
the Daofu-Fuhuo zone in the middle and upper reaches and the
Anning River Valley zone in the lower reaches, control basin seismicity.
As shown in Figure 1, the Yalong River Basin is located in a high
seismic intensity zone with a high probability and frequency of strong
earthquakes. The combination of high relief, weak rock units and active
faults has produced numerous large landslides and unstable slopes
(Huang, 2012; Wang et al., 2017), so dam safety monitoring must be
closely coupled to the surrounding geological environment. From an
engineering geology perspective, the cascade dams are mostly located
in narrow, steep-sided gorges, where abutment and foundation rock
masses exhibit pronounced spatial heterogeneity due to weathering
gradients, crushed faulted zones and locally weaker interlayers.
Key discontinuities—such as fault/shear zones and multiple joint
sets—may provide preferential paths for deformation localization and
can govern the kinematic feasibility of earthquake-induced rock-slope
instabilities around reservoirs. Therefore, in practical deployment,
the monitoring layout, allowable deformation thresholds and the
interpretation of the monitoring-simulation results are calibrated on a
station-by-station basis using site investigation and design documents,
so that the framework remains operational while being constrained
by local rock-mass structure and discontinuity conditions.

To manage dam safety under these conditions, Yalong River
Hydropower Development Company initiated the Yalong River
Basin Dam Safety Information Management System (idam system)
in 2011, which was commissioned in 2013 as the first basin-
level dam safety information platform in China. After more than
10 years of operation, it has become a unified platform for managing
dam safety information for all hydropower stations in the basin,
integrating multi-source data such as safety monitoring, inspection
and checking, hydrological and meteorological information, strong-
motion records and flood-discharge vibration. For dam operation
under seismic conditions, the monitoring and early-warning
architecture based on this platform is organized into four layers: a
hardware perception layer for data acquisition, a system response
layer for event triggering and data transmission, a monitoring and
analysis layer for automatic data processing and model calculation,
and a judgment and warning layer for comprehensive evaluation and
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FIGURE 1

seismic intensity over magnitude.

Distribution of hydropower station and earthquakes in Yalong River Basin. (a) The hydropower stations of Yalong river. (b) Historical earthquakes with

b

decision support for both dam structures and adjacent valley rock
masses in this complex seismotectonic and geomorphic setting.

3 Key techniques for the system
development

3.1 Seismic information flow system design

As the engineer’s “eyes and ears’, safety monitoring is
the most direct means of capturing dam structural behavior.
Hydropower stations in the Yalong River Basin are equipped with
automated systems; at Jinping-I, for example, more than 18,000
monitoring points are in normal operation, covering deformation,
appearance inspection, seepage and uplift pressure, stress and strain,
temperature and other key indicators, as illustrated in Figure 2.

To capture seismic effects, the dams are also instrumented with
dedicated strong-motion systems. In total, 73 strong-motion sensors
are installed in the hub areas of seven hydropower stations. For a
typical high arch dam such as Jinping-I, instruments are distributed
from the crest to lower galleries and the foundation, and a free-field
station is deployed near the dam site. This “structural array + free
field” configuration records both the input motion and its spatial
variation within the dam.

Accurate, robust acquisition of seismic information and its
real-time transfer to the safety monitoring system are essential
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during earthquakes. Because large events may interrupt public
communication networks, seismic information is obtained within
the local area network (LAN) of each station and then pushed
to the dam safety information management system. To avoid
incomplete acquisition from a single source, the LAN integrates
two components: a reservoir seismic station network and the dam
strong-motion monitoring system. The seismic station network
provides real-time magnitude, focal depth and distance to the dam
site, and a seismic risk score R, is defined in Equation 1:

N
Ry =Y w,M,+w,
i=1

(1)

+ wle’Lf

1
D;+6

where w,,, w;, and w; are the weighting coefficients of the
earthquake magnitude M, depth D;, and relative distance L; from the
hydropower plant, respectively, J is a constant, and e % represents
the exponential attenuation of seismic influence with distance. The
coeflicients (w,,, w,, w;) are dimensionless weights used to balance
the relative contributions of magnitude, focal depth and source-to-
site distance in a transparent, engineering-oriented triggering score.
The rationale is that magnitude primarily controls the potential
shaking level, focal depth modulates near-field effects, and distance
governs attenuation and is explicitly represented by the exponential
decay term. In implementation, the weights are normalized (w,, +
wy+w;=1) and are calibrated using recorded earthquakes in
the basin together with expert judgement from dam operation
engineers, so that the triggering behavior is consistent with the
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FIGURE 2
Main monitoring projects of the dam safety monitoring system at the Jinping level.

operational practice of “intensified monitoring after potentially
influential events” In practice, a station-specific threshold Tp,
is configured in the idam system; when R, > Ty, the event is
regarded as potentially influential and an earthquake-linkage task
is automatically created to initiate intensified monitoring.

The strong-motion system mainly records three-directional
accelerations of hydraulic structures. For risk assessment, sensors are
grouped into four zones. The free-field recorder constitutes zone A
with weight g,; sensors installed in the dam are assigned to zones B,
C and D with weights g,, g; and g,. There are n recorders in zone B,
m in zone C and [ in zone D. The strong-motion-based score R, is

defined in Equation 2:
n m 1
R, :q1A+zqui+zq3Cj+ ZQ4Dk (2)
i=1 =1 k=1
with

g =nxXg,+mxq,+Ixq,

Here A is the representative parameter (e.g., peak ground
acceleration) at the free-field station and B, Cj, and D, are the
corresponding parameters for sensors in zones B, C and D. The
zonation and weights (q,, q,, g5, q,) are introduced to reflect
the representativeness of the free-field input motion (zone A) and
the structural response at different dam elevations (zones B-D).
This design avoids over-reliance on a single sensor and reduces
the influence of sensor-level noise by within-zone aggregation. In
practice, the zone weights are normalized and are selected according
to the monitoring layout and the relative importance of response-
sensitive regions for post-earthquake diagnosis. The representative
intensity measure P (e.g., PGA) follows the routine strong-motion
practice in dam safety management, and the triggering threshold
for R, is set to match the operational criterion for launching
the rapid post-earthquake analysis workflow. When R, exceeds
a predefined threshold, the dam safety information management
system is triggered and a strong-motion safety analysis workflow
is initiated. Meanwhile, the same trigger launches the prioritized
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acquisition of the important-measuring-point set and the template-
based preliminary reporting described below.

Once seismic excitation is detected and the triggering conditions
based on R, and R, are satisfied, the subsequent response of the
monitoring system controls the timeliness and completeness of
information acquisition and structural diagnosis. An earthquake-
linkage inspection task is automatically created: an important-
measuring-point set is inspected with priority, followed by a rapid
inspection of all monitoring points. The important-measuring-point
set is selected in accordance with the Technical Specification for
Hydropower Dam Operation Safety Online Monitoring System
(DL/T 2096-2020).

As a backup under the centralized management mode of
cascade dams, a remote call-measurement function is provided.
Through a unified remote collection control protocol, commands
can be issued from the basin-level idam system to each station-
level monitoring system, which then starts local acquisition services
and returns data. This mechanism enhances robustness when local
automation services are interrupted and supports rapid, basin-wide
data retrieval after earthquakes.

Following the “I dam, one policy” principle, each station pre-
defines strong-motion response point sets and report templates,
and the overall linkage flow is shown in Figure 3. Once triggering
conditions are met, the basin-level idam platform initiates
an earthquake-linkage task with prioritized acquisition of the
important-measuring-point set, rapid collection of remaining
points, and a remote call-measurement fallback; data are then
uploaded and processed automatically to generate a concise
post-earthquake brief within the prescribed window. Virtual
earthquake tests across operating stations show that, except
for one station with hardware limitations, most stations can
return key monitoring information within about 15 min and
generate a concise operation/safety brief within about 30 min,
providing operational evidence for the end-to-end timeliness and
completeness of the linkage chain, complementary to the field
demonstration in Section 4.
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3.2 Online numerical simulation
technology

Under seismic conditions, rapid evaluation of dam structural
behavior requires timely characterization of the deformation field
and identification of whether different parts of the structure
remain elastic or have experienced plastic damage. To this end,
a deformation monitoring model is established to separate the
main components of dam deformation and to provide boundary
conditions for online numerical simulation.

Under ground motion loading, dams may exhibit pronounced
elastoplastic deformation. The elastic component recovers
within a relatively short time and is difficult to capture by
conventional monitoring, whereas the plastic component, also
referred to as “residual deformation” or “additional long-lasting
deformation” (Shengwu and Dewen, 2009; Xuexing et al., 2010;
Huibao et al., 2023), is irreversible and therefore crucial for
structural diagnosis. In this work, the earthquake-induced
deformation term §, refers to the post-event residual (permanent)
deformation increment inferred after the transient elastic vibration
decays, rather than the full time-history vibrational response.
This definition is consistent with the practical objective of rapid
post-earthquake diagnosis, where irreversible deformation is
the key indicator for potential damage. High-frequency elastic
vibration is instead characterized by the strong-motion monitoring
system and is further examined through the subsequent three-
dimensional dynamic analyses. Accordingly, two complementary
analysis streams are implemented after triggering: a nonlinear
static updating analysis that uses the monitoring-inferred residual
displacement field to update the post-event stress/deformation state
of the dam-foundation-abutment system, and a nonlinear dynamic
analysis that uses recorded accelerograms from the strong-motion
system to examine transient structural responses. The measured
dam deformation § is decomposed into four components: hydraulic
deformation &y, temperature-induced deformation &, time-
dependent deformation §y and an earthquake-induced deformation

4, as shown in Equation 3:
0=0y+0p+0y+6, (3)

The first three components correspond to conventional
statistical models of dam deformation, while the seismic component
0, represents the plastic deformation increment. Here “plastic” is
used in an operational sense to denote the irreversible increment
observable in routine deformation monitoring; the step-like
representation is adopted to capture the typical post-earthquake
jump in residual deformation that remains after shaking. Because
this increment typically shows a step-like evolution in time, a
time-segmented function f(x) is introduced to describe the step
process, as shown in Equation 4. For the k-th significant earthquake
occurring at time 0,

fro=1" = @
X) =
1 x>0
and the cumulative seismic component is expressed
as shown in Equation 5:
8, = Zbkf(e_ Or) 5)
k
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where 6 and 6, are the cumulative numbers of days from the initial
measurement date to the monitoring date and to the date of the
k-th strongest earthquake, respectively, both divided by 100, and
by are regression coeflicients representing the plastic deformation
increments from each event.

Combining the hydraulic, thermal, temporal and seismic
contributions, the deformation model at a given monitoring point
is written in Equation 6:

2 . . . .
; ; . 2mit | 2mjt, 2mjt 2mjt,
B:Z [ay(H, - H},)] +]; |:b1j<sm§ —sin—— ) + sz(cos% —eos—
+¢,(0-6,) +c,(In6—1n6y) + Y b f(6-6,) +a, (6)
k

where H, and H,, are the reservoir levels at the monitoring day
and the initial measurement day, respectively; ¢ is the cumulative
number of days at the monitoring date, and ¢, is the cumulative
number of days at the beginning of the modelling interval; 0=
£/100, 8 = ,/100;and ay;, by,
The deformation monitoring model is calibrated separately for each

byj» ¢y, €5, a4y are regression parameters.

dam and each monitoring point using multi-year time series, so the
effects of site-specific material properties and boundary conditions
are implicitly embedded in the fitted coeflicients of the hydraulic,
thermal and time-dependent terms. Under seismic conditions, the
earthquake-induced component is identified as a residual increment
after removing these baseline contributions, which reduces reliance
on explicitly prescribing uncertain constitutive parameters in a
purely forward simulation.

Because strong earthquakes at a given dam site are episodic,
model validation in an operational setting should combine real-
event demonstrations with controlled tests under known inputs.
Accordingly, we use “virtual earthquake” residual deformation
increments as prescribed inputs to provide a verifiable benchmark
for the monitoring model under seismic conditions. To verify the
capability of the monitoring model under seismic conditions, two
earthquakes are simulated as virtual plastic deformation inputs
to the crown beam at the crest of the Jinping-I arch dam.
Virtual Earthquake two is referenced to the maximum radial
displacement increment of the Dagangshan arch dam during the
5 September 2022 Luding Ms 6.8 event. The imposed plastic
deformation increments are 8.96 mm and 20.04 mm, while the
model estimates 8.68 mm and 19.87 mm, giving a total seismic
deformation increment error of less than 0.5 mm. From the initial
impoundment to April 2024, the model also separates 13.49 mm of
time-dependent deformation at the crown beam location, yielding
a total plastic deformation of 42.04 mm. On this basis, plastic
deformation monitoring indices can be defined using multi-year
variability or multi-year cumulative time-dependent deformation
as reference levels. When an earthquake occurs, the model is
activated at the system level to isolate earthquake-induced plastic
deformation and compare it with these indices, thereby supporting
comprehensive safety assessment and operational decision-making.

Static and dynamic structural analyses are then used as
an effective numerical tool for evaluating dam safety during
earthquakes. Taking the Jinping-I dam as an example, online
automatic three-dimensional nonlinear analyses are performed
with boundary conditions derived from monitoring data. Because
the boundary conditions are derived from monitoring-inferred
permanent displacements rather than assumed constraints, the
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online analyses are constrained by observed response of the
dam-foundation-abutment system, which helps reduce sensitivity
to uncertainty in boundary-condition specification. Permanent
deformations at key seismic control points are first obtained
from the deformation model, and the limited observations are
then spatially densified using an interpolation algorithm based
on radial basis functions (RBFs) (Wenzhuo et al., 2023) to
generate continuous displacement boundary conditions along
the abutments and foundation, capturing the influence of steep
valley geometry and heterogeneous rock masses. Here, the RBF-
interpolated displacement field is used purely as a kinematic
boundary condition to spatially densify sparse monitoring
observations along the abutments and foundation. The monitoring-
derived permanent displacements already reflect the integrated
mechanical response of the dam-foundation-abutment system
under the local geological setting (e.g., lithology, jointing, faults
and valley morphology). Therefore, the interpolation itself is not
intended to reconstruct geological heterogeneity; instead, geological
complexity is represented in the three-dimensional numerical model
through zoned material parameters and, where applicable, explicit
discontinuity/interface descriptions.

In the RBF method, the basis function at a point (x,y) is
expressed as M (x,y) = h(d,), where d, is the distance from (x,y) to
the k-th data point. To improve polynomial accuracy, the interpolant
is written as shown in Equation 7:

n m
F(x,y)= Y ahy(6y) + Y big(x.y) 7)
k=1 k=1
where q,(x,y) is a polynomial basis of degree less than m, and
a, by are coefficients. Incorporating the spatial coordinates of the
monitoring points and extending the independent variables yields
a three-dimensional interpolation function suitable for variables

(x,9,2), as shown in Equation 8:

F(x,y,z) = Zn:aj[(x—xj)z + (y—yj)z + (z—zj)2 +c2]1/2,i= 1,2,--n
j=1
®)

where c is a shape parameter. Prior studies indicate that excessively
large values of ¢ relative to the spacing between data points may lead
to an ill-conditioned coefficient matrix and inaccurate solutions,
whereas small values generally yield more stable results. In this
study, ¢ is taken as one-tenth of the minimum distance between
monitoring points. Using the interpolated permanent deformation
field as boundary conditions, the three-dimensional nonlinear
static and dynamic calculations of the dam structure can be
updated online to evaluate post-earthquake stress and deformation
states of the integrated dam-foundation-abutment rock mass
system. This spacing-based scaling links the shape parameter
to the local data density on the abutment/foundation surfaces
and helps avoid over-parameterization when the monitoring
points are unevenly distributed along a steep valley. Nevertheless,
in a heterogeneous gorge setting the interpolated field may
smooth localized deformation gradients associated with major
discontinuities or stiffness contrasts, and the interpolation accuracy
is sensitive to point layout and any extrapolation beyond the
instrumented region. To reduce such effects, the interpolation
is applied only to generate boundary conditions within the
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monitored abutment/foundation domain, and the subsequent
three-dimensional analysis accounts for heterogeneity through the
constitutive zoning and structural/discontinuity representation of
the dam-foundation-abutment system.

3.3 Structural diagnosis and early warning
methods

After an earthquake, information for evaluating dam structural
safety mainly comes from three sources: dam safety monitoring
data, inspection and checking results, and three-dimensional
numerical structural calculations (including static and dynamic
analyses). These three sources are mapped onto a three-dimensional
coordinate system and combined in an early-warning matrix,
which feeds diagnosis results back to dam safety managers in a
unified manner.

3.3.1 Monitoring and inspection axes

Through the system described above, hydropower stations
in the Yalong River Basin can obtain safety monitoring data
immediately after an earthquake, and the deformation monitoring
model under seismic conditions provides online indicators for
detecting abnormalities. According to the response characteristics
of monitoring data, deformation results are classified into local and
overall anomalies.

For single monitoring points, a local anomaly index m; is
defined in Equation 9:

Plastic deformationincrement§,

= 9
™ Plasticity allowable deformationvalued, ,,,,. ©)

where &, is the earthquake-induced residual (permanent)
deformation increment identified by the monitoring model and

1) is the allowable plastic deformation at that point.

v.max

To characterize the overall state of the deformation field, a multi-
point model is established by subregions or using a panel model
(Jimin etal., 2020). Suppose there are h monitoring points describing
the deformation field. According to their importance, weights
11515 - 1), are assigned, and Zzhzl’h = 1. The overall anomaly index

my, is then defined in Equation 10:

h
. 21:11716[V
h !
Zl=17716v.mux (10)

Z?:lm =1

are the plastic deformation increment and

my =2

where &, and &',
allowable plastic deformation at the [-th point. By combining 1, and
m,, the monitoring information is classified into four levels: normal
(A), slight abnormality (B), controllable abnormality (C) and serious
abnormality (D).

Hydraulic inspection is another key means to obtain the
operational status of dams and other hydraulic structures. According
to DL/T2204-2020, when a significant tremor occurs at the dam
site, especially when an earthquake of magnitude five or above
occurs within 100 km, a special inspection should be carried out
immediately. Inspection information (records, text, photos and
videos) is standardized and structured through the basin-level dam
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inspection system, and results are divided into four grades: normal
(A), slight abnormality (B), general abnormality (C) and severe
abnormality (D). These are mapped to an inspection index p for use
in the early-warning matrix.

3.3.2 Structural analysis and early-warning matrix

According to DL/T2096-2020, the structural performance
of dams should be reviewed under extraordinary operating
the
outputs of three-dimensional static and dynamic structural

conditions and relevant load combinations. Therefore,
calculations are an important information source for structural
diagnosis when larger earthquakes occur. At the system level,
the results obtained through Section 3.2 are categorized into
five grades from normal to severely abnormal, denoted as A,
B, C, D and E, and mapped to a structural calculation index
n. Specifically, this index is derived from the monitoring-
constrained nonlinear static updating and the record-based
nonlinear dynamic evaluation performed in Section 3.2, which
together provide complementary evidence for post-earthquake
structural diagnosis.

By combining the monitoring axis, inspection axis and
structural calculation axis, a three-dimensional spatial coordinate
system is constructed for comprehensive judgment of dam
safety. Based on this coordinate system, an early-warning
matrix is defined, in which the post-earthquake warning
value V is expressed as a function G of the monitoring index
m, inspection index p and structural calculation index n,
as shown in Equation 11:

V= G(m,p,n) (11)

In this study, we adopt an interpretable and implementation-
oriented fusion rule in the discrete grade space, i.e., V=m+n+p.
The rationale is that the three axes (monitoring, inspection and
structural calculations) serve as complementary screening channels
in post-earthquake operations, and a transparent rule is preferred
for rapid triage and traceable decision-making. The additive rule is
intentionally conservative in the sense that an elevated level in any
channel increases V and therefore cannot be fully masked by the
others. We note that relative importance and uncertainty may vary
across dams, events and data quality; therefore, the framework is
readily extensible to a weighted form V = wym + wn + wgp (wy, +
wy+ wg = 1) or to probabilistic’knowledge-based fusion. Given the
limited number of labeled post-earthquake cases available for robust
training and calibration at present, we use the equal-weight additive
rule in this paper, while the above extensions are left for future
work. The three indices are converted from their respective grades
by assigning A = 1, B =2, C =3,D =4 and E = 4. According to
the value of V, the post-earthquake warning level is blue for V' <5,
yellow for 5 < V < 8, orange for 8 < V<11, and red for 11 < V< 13.
In practical implementation, these thresholds are indexed in the
three-dimensional coordinate system to obtain the corresponding
warning level.

In principle, additional geological indicators such as slope
displacement, rockfall inventories or mapped landslide activity
around the reservoir can be incorporated into the same framework,
enabling joint assessment of earthquake-induced damage to both
dams and surrounding geological units.
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4 Performance

Validation of an online post-earthquake monitoring framework
is inherently event-dependent, since strong ground motions at
a specific dam site may not occur within a limited observation
period. In this paper, we therefore present a multi-level validation
strategy: (i) basin-wide virtual-earthquake linkage tests to verify
the reliability and timeliness of the triggering—acquisition-reporting
chain across operating stations; (ii) controlled verification of
the elastoplastic deformation monitoring model using prescribed
“virtual earthquake” residual deformation increments with known
magnitudes; and (iii) an end-to-end field demonstration during
the 27 May 2024 M5.0 event, which confirms that the system
can be automatically triggered and can deliver consistent early-
warning outputs under real operational constraints. The following
case study focuses on the field demonstration, while Sections 3.1-3.2
provide the complementary verification evidence for the linkage and
modelling components.

On 27 May 2024, an M5.0 earthquake occurred in Muli County,
Liangshan Prefecture, Sichuan Province, China (28.25°N, 100.70°E),
with a focal depth of 8 km. The epicenter was located approximately
91 km from the Jinping-I Hydropower Station. Because of this
distance, the seismic wave energy was significantly attenuated when
it reached the dam site. The strong-motion monitoring system
recorded a peak ground acceleration (PGA) of 1.93 gal at station
SM17, with a shaking duration of 31.75s and a predominant
frequency of 3.32 Hz. The corresponding displacement time history
and response spectrum at SM17 are shown in Figure 4a. The
reference seismic intensity at the dam site was evaluated as II
on the Chinese Seismic Intensity Scale, indicating a weak tremor.
The event occurred within the tectonically active mountain belt
along the eastern margin of the Tibetan Plateau, where steep rock
slopes and thick valley fill characterize the local geological setting
(Wissink et al., 2016; Deng et al., 2018).

For this event, the strong-motion information was automatically
collected and processed by the basin-level platform. According to the
predefined triggering and evaluation procedures, the monitoring,
inspection and structural analysis indices place the post-earthquake
state of the Jinping-I dam at a blue (safe) level in the three-
dimensional dam safety assessment and early-warning matrix,
as shown in Figure 4b. No earthquake-induced damage or abnormal
deformation was identified and no emergency intervention was
required. This case thus serves as an event-level verification of
the matrix decision logic under real monitoring, inspection and
analysis inputs.

5 Discussion

5.1 Methodological advantages and
implications for seismotectonic and
geohazard environments

The framework developed in this study couples basin-
scale monitoring, data-driven modelling and three-dimensional
numerical analysis into a unified workflow for earthquake-related
dam safety management. Compared with practices that focus
mainly on single-dam response or design-stage analyses, the present
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(a) Displacement and response spectrum at strong-motion station SM17 during the 27 May 2024 M5.0 Muli earthquake. (b) Three-dimensional dam
safety early-warning matrix under seismic conditions.

system introduces two complementary seismic risk indices, R; and
R,, which jointly exploit a reservoir seismic station network and
dam strong-motion records for event triggering. Combined with

intensified post-earthquake patrols and centralized data acquisition
on the idam platform, this dual-source design enables cascade
hydropower stations in the Yalong River Basin to obtain key
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monitoring information within about 15 min after an event and
to rapidly update the status of critical indicators.

The proposed workflow is transferable in principle to other
dam-reservoir systems where seismic/strong-motion and dam
monitoring are available; however, site-specific calibration is
required for key-point selection, R;/ R, thresholds/weights,
allowable deformation limits, and early-warning mapping rules.

On the structural side, the elastoplastic deformation monitoring
separates
from hydraulic, thermal and time-dependent components,

model earthquake-induced  plastic ~ deformation
linking long-term monitoring data to potential damage in the
dam-foundation-abutment rock mass system. By interpolating
permanent deformation at control points using radial basis
functions, continuous displacement boundary conditions are
generated along steep abutments and deeply incised valley walls and
used to drive three-dimensional static and dynamic calculations.
This monitoring-simulation chain allows post-earthquake stress
and deformation fields to be updated online rather than relying
solely on pre-computed scenarios, providing a practical route for
numerical “back analysis” of earthquake effects during operation.
The 27 May 2024 M5.0 Muli earthquake case shows that, even for
relatively weak shaking at the dam site, the system can automatically
capture the event, process the data and confirm a blue (safe) state in
the early-warning matrix without additional manual intervention.

From an Earth science perspective, the Yalong River Basin is
an active tectonic-geomorphic setting with unstable slopes and
landslides (Clark et al., 2004; Wissink et al., 2016; Deng et al., 2018).
While the current implementation focuses on dam safety, the three-
axis early-warning matrix can be extended to include surrounding
geohazard indicators (e.g., slope displacement or landslide activity),
providing a practical prototype for integrated, basin-scale post-
earthquake assessment.

5.2 Limitations and future work

Real-earthquake validation remains limited: the reported case is
an M5.0 event with weak shaking at the dam site, and the virtual
scenarios in the deformation model use only a small set of assumed
plastic increments. System behavior under stronger shaking and
more complex loading histories has not yet been verified with field
data, and allowable plastic-deformation thresholds still partly rely
on engineering judgement; therefore, broader calibration/validation
using additional recorded events (including higher-intensity cases at
dam sites and other cascade reservoirs) is needed.

Data gaps, limited sensor coverage, and computational
burden may delay the structural-calculation axis in real
time. The
monitoring/inspection-based triage and updates the warning state

framework therefore prioritizes conservative
as additional data and numerical results become available.
Methodologically,

formulations. The risk scores R, and R, use linear weighting

several components adopt simplified
with fixed thresholds and do not explicitly quantify uncertainties
in source parameters, attenuation, or instrument performance.
The deformation model assumes step-like plastic increments at
discrete earthquake times, so progressive or multi-event cumulative
damage (e.g., cyclic degradation or creep-damage interaction) may be

underestimated. In the numerical simulation, RBF interpolation
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currently uses a fixed shape parameter and lacks explicit error
quantification in heterogeneous abutments and irregular valley
geometries, especially where discontinuities dominate deformation.
Future work will (i) conduct sensitivity analyses for weights/thresholds
using more recorded events, and (ii) explore uncertainty-aware
fusion (e.g., Bayesian updating or evidence-theory-based fusion) and
geology-constrained interpolation with uncertainty envelopes (e.g.,
cross-validation/resampling).

Looking forward, the framework could be extended by
using data-driven methods to calibrate weights/thresholds in
the risk scores and warning matrix, integrating additional
geohazard indicators (e.g., GNSS/InSAR slope displacement
and landslide/rockfall embedding the
workflow into a basin-scale digital twin that couples monitoring

information), and

with real-time operation data for scenario-based emergency
decision support.

6 Conclusion

This study proposes and implements a basin-wide framework for
earthquake-resistant dam safety management in the Yalong River
Basin, integrating seismic monitoring, deformation modelling and
numerical simulation within a unified early-warning scheme. The
main conclusions are:

1. By jointly using a reservoir seismic station network and dam
strong-motion monitoring within the local area network,
the framework provides dual-source seismic triggering and
rapid post-earthquake data acquisition, enabling automated
intensified post-earthquake patrols and allowing cascade
hydropower stations to obtain key safety monitoring
information within minutes after an event.

2. The
combined  with

elastoplastic =~ deformation =~ monitoring  model,

radial-basis-function interpolation and

three-dimensional  static-dynamic  structural  analysis,
establishes a monitoring-simulation chain that separates
other

components and updates dam-foundation-abutment rock

earthquake-induced  plastic ~ deformation  from
mass stress and deformation fields online to support
identification of potential damage.
3. By structuring monitoring, inspection and structural
calculation results into a three-axis early-warning matrix,
the framework achieves multi-source information fusion
and graded post-earthquake safety assessment. Applied to
the tectonically active Yalong River Basin and demonstrated
through the 27 May 2024 event, it provides an operational
prototype linking dam engineering practice with regional
assessment of earthquake-induced geological hazards in

mountainous river systems.
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