International Journal of Scientific Research and Engineering Development-— Volume 9 Issue 5, Sep-Oct 2026
Available at www.ijsred.com

Flood Disaster Risk Assessment of the Alluvial-

Diluvial Plain in the Piedmont of the Taihang
Mountains Based on AHP-CRITIC Combined
Weighting

1

Yixin Pang ! Haijun Li'*", Ziyan Zhang®,Yao Fan 4, Bingbin Du ! , Shuiging Zhou !,Jiachen Lu', Xiaoging Yu
! Institute of Disaster Prevention, Beijing, China Institute of Disaster Prevention, Beijing, China
2 Hebei Key Laboratory of Resource and Environmental Disaster Mechanism and Risk Monitoring, Sanhe, China
3 Rizhao Donggang District Emergency Management Bureau, Rizhao 276800, China
4 Shuifa Planning & Design Co.,Ltd., Jinan 250100,China

* Correspondence:
Haijun Li
lhjun777@cidp.edu.cn
E-mail addresses: lhjun777@cidp.edu.cn (Haijun Li),24661704@st.cidp.edu.cn (Yixin Pang), zhangziyan0117@163.com
(Ziyan Zhang), fanyao2004@126.com (Yao Fan),25661710@st.cidp.edu.cn (Bingbin Du),zhouzhoushuiqing@163.com
(Shuiqing Zhou,).

sk sk sk sfe sk sk sk sk sfe sk st she sk sfeoske sk s sk sk sk sk sk sk

Abstract:

Disaster risk assessment is a crucial component in scientifically formulating disaster prevention and
mitigation strategies and achieving effective disaster risk management. Taking the piedmont alluvial plain
area of the Taihang Mountains as a case study, this research employs a hazard-exposure-vulnerability-
resilience (H-E-V-R) assessment framework. By integrating subjective weights with objective weights
derived from the CRITIC method through a game-theoretic combined weighting approach, we quantify the
contribution of each factor to flood risk and clarify its spatial distribution characteristics. Results show that
flood risk exhibits a distinct spatial pattern—high in the north, central, and southern regions, and low
around the periphery. High-risk zones are primarily distributed along major river systems such as the
Yongding River, Hutuo River, and Zhangwei River, forming belt-like extensions concentrated in core
urban clusters including Beijing, Tianjin, Langfang, Shijiazhuang, and Xinxiang. Low-risk areas appear as
scattered patches, mainly located in the inland central plains away from major river networks. The primary
influencing factors are distance to waterways (0.2220), rainfall intensity (0.1370), and peak flood
discharge (0.1127). Validation using historical flood frequency and inundation depth indicates that the
higher-risk zones identified by the combined weighting method match historical disaster-prone areas at a
rate of 70.59%, while high-hazard zones align with actual inundated areas at 73.97%. These findings
provide scientific basis for flood prevention and control in the Taihang foothill plain region and offer
valuable support for regional disaster risk management and planning.
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I. INTRODUCTION

Floods are among the most prevalent natural disasters
globally, occurring extensively across regions. In 2021 alone,
they accounted for approximately 52% of all catastrophic
events worldwide ['I" . The devastating impacts of flood
disasters are undeniable Pl. Since 2000, China has recorded
the highest number of natural disaster events globally, with a
total of 577 incidents . From 2001 to 2020, floods in China
affected an annual average of over 100 million people,
resulting in direct economic losses of 167.86 billion yuan [,
Major historical flood events, such as the 63-8 heavy rainfall,
96 heavy rainfall, "16-7" heavy rainfall, "21-7" northern
Henan heavy rainfall, and "23-7" North China heavy rainfall,

have also caused severe casualties and property damage [°I' [

B ) Against the backdrop of global climate change, extreme
precipitation events are on the rise, while changes in factors
such as surface impermeability and land wuse further
exacerbate flood risks (IPCC, 2021). As a result, the
frequency, spatial extent, and potential losses associated with
flood disasters are projected to exhibit increasingly complex
patterns in the future % Therefore, effectively mitigating
flood occurrences has become particularly critical, and flood
risk management is a pivotal strategy for reducing both the
incidence of floods and their associated damages. Flood risk
assessment (FRA) is a core component of flood risk
management research. By delineating the spatial distribution
of flood risks, FRA can support the formulation of evidence-
based flood management policies, rational resource allocation,
and the evaluation of flood control measure effectiveness "
[12]> [13],

In the field of flood disaster risk assessment, four methods
are widely adopted: historical disaster assessment, remote
sensing (RS) and geographic information system (GIS)
coupling, scenario simulation assessment, and indicator
system-based assessment. The historical disaster assessment
method extracts regional historical flood risk information and
disaster data to characterize the evolutionary patterns of flood
disasters. However, its reliance solely on historical disaster
records leads to inherent limitations [4> [ The RS-GIS
coupling method acquires key hydrometeorological data via
remote sensing and evaluates flood risk through visualized
data processing, yet it is constrained by the resolution of
remote sensing images and the accuracy of image
interpretation [’ 161" 17 The scenario simulation assessment
method constructs rainfall-flood simulation models and loss
assessment models based on GIS and RS to enable dynamic
flood risk evaluation, though its effectiveness heavily depends
on data precision 3" 81" 191 The indicator system-based
assessment method identifies critical indicators from regional
influencing factors using predefined criteria, constructs a
flood risk assessment framework, and calculates indicator
weights to conduct risk evaluation '3 %1 This method is
suitable for risk research across different scales and can

intuitively reflect the correlation between indicators and flood
risk (201 1211,
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The indicator system primarily consists of two main
components: indicator elements and weights. Based on the
flood disaster system, current flood risk assessment
frameworks mainly include three approaches: hazard-
vulnerability (H-V), hazard-exposure-vulnerability (H-E-V),
and hazard-exposure-vulnerability-risk reduction capacity (H-
E-V-R) frameworks [!7" 221, Each framework has its own
applicability, and different scholars adopt various frameworks
depending on their research contexts. Chen et al. developed a
flood risk assessment framework for Taiwan at the end of the
21st century based on the H-V framework, using the RCP8.5
scenario and multiple spatial scales ). Bin et al. proposed an
urban flood risk assessment method capable of capturing the
relationships among the three elements—hazard, exposure,
and vulnerability ¥, Zhang et al. conducted a flood risk
assessment for the Changsha-Zhuzhou-Xiangtan (CZT) urban
agglomeration by selecting 17 socioeconomic and natural
environmental factors within a comprehensive risk assessment
framework that includes hazard, exposure, vulnerability, and
resilience ). Regarding weight determination, single
weighting methods tend to be one-sided, making combined
weighting techniques increasingly popular. Common
combinations include FAHP with entropy weight, AHP with
CRITIC, and game-theoretic integration. Typical combination
methods include linear weighting, multiplicative synthesis,
game-theoretic integration, and least squares method. Linear
weighting is simple and practical but relies on subjective a
values; multiplicative synthesis emphasizes consistency
between subjectivity and objectivity yet may excessively
compress weights of highly divergent indicators; game-
theoretic integration is mathematically rigorous and can
automatically optimize fusion coefficients; the least squares
method allows integration of multiple methods but risks
getting trapped in local optima [261" 271

The piedmont alluvial plain of the Taihang Mountains is a
transitional zone between mountainous areas and coastal
alluvial plains. Given the historical complexity of flood events
in this region, conducting flood disaster risk assessment in the
piedmont area is of critical significance for flood risk
management. Based on the correlations among multiple
indicator-based influencing factors, this study adopts a rapid
and efficient game-theoretic combined weighting method
integrating the Analytic Hierarchy Process (AHP) and Criteria
Importance Through Intercriteria Correlation (CRITIC) to
evaluate flood risk in the Taihang Mountains' piedmont
alluvial plain. This approach delineates key priorities for flood
prevention and control in the piedmont region, thereby
providing scientific support for regional flood risk
management, flood control planning, territorial spatial
planning, and decision-making related to disaster prevention
and mitigation.
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II. MATERIALS AND METHODS
A.  Study Area

The study area is situated in the central-northern segment of
the North China Plain, predominantly encompassing alluvial-
proluvial plain regions formed by piedmont rivers of the
Taihang Mountains (Fig. 1). Geographically, it spans latitudes
35.00°N to 40.12°N and longitudes 112.93°E to 117.32°E,
extending westward from the eastern foothills of the Taihang
Mountains, eastward to central Tianjin, northward to southern
Beijing, and southward to northern Henan Province. This
region constitutes a critical zone for the formation and
convergence of flood disasters in North China.

Climatically, the area falls under a temperate monsoon
climate, where precipitation coincides with the high-
temperature period. The multi-year average rainfall ranges
from 290 to 760 mm, with the highest frequency of rainstorms
occurring in summer—particularly concentrated in July and
August—accompanied by high storm intensity. During the
rainy season, influenced by the convergence of the subtropical
high and the Inner Mongolia high, coupled with the west-
high-east-low topographic gradient, water vapor is obstructed
by the Taihang Mountains, facilitating rainfall formation on
the windward slopes. The eastern foothills are characterized
by high concentrations of population and infrastructure,
rendering the area highly prone to flood disasters ¢ [28],

The study area spans four provincial-level administrative
regions: Beijing, Tianjin, Hebei, and Henan. Characterized by
high population density and advanced urbanization, this
region has witnessed reduced permeable urban surfaces,
shrinking water storage capacity of rivers and lakes, and
altered runoff discharge pathways. These changes have
compromised the capacity for rainwater infiltration, storage,
and detention, as well as shortened the confluence time,
thereby creating favorable conditions for flood generation 2°F
391 The "23-7" extreme rainstorm event resulted in 3.8886
million affected people (including 978,400 individuals in
flood storage and detention areas), 319,700 hectares of
damaged crops, and direct economic losses totaling 95.811
billion yuan.
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Fig. 1 Overview of the Beijing-Tianjin-Hebei Study Area
B.  Research Methodology

1) Construction of the Evaluation Indicator System :
Drawing on the historical records of multiple large-scale flood
disasters in this region, flood events are not driven by a single
influencing factor. Two core factors governing flood
formation within the basin are underlying surface parameters
and climate change parameters, which are jointly modulated
by rainfall, topography, land cover, and other factors [*!1. For
the comprehensive characterization of flood disaster risk, a
holistic assessment extends beyond mere hazard evaluation;
the impacts of human activities on flood risks are equally non-
negligible. Thus, by integrating the regional context with the
conceptual model of disaster risk assessment, twelve critical
influencing factors were selected as evaluation indicators,
based on four core dimensions: hazard of disaster-causing
factors (H), sensitivity of the disaster-predisposing
environment (S), vulnerability of disaster-bearing bodies (V),
and disaster prevention and mitigation capacity (R). The
constructed indicator evaluation system and the data sources
of each indicator are presented in Table I.

Continuous intense rainfall acts as a disaster-causing
factor, encompassing rainfall amount and duration 1?1 In this
study, intense rainfall amount, peak flood discharge, and long-
term average annual rainfall are selected as evaluation
indicators. The long-term average annual rainfall reflects the
total annual precipitation and serves as a key metric for
assessing the overall annual water supply status of a region.
Intense rainfall can elevate river water levels and amplify
flood risk—particularly when rivers are unable to convey
excess water, intense rainfall may trigger flooding. Peak flood
discharge, which represents the maximum volume of water
passing through a cross-section during the most severe phase
of a flood, is a critical indicator for determining flood hazard
intensity.

The disaster-predisposing environment refers to the
external context that facilitates disaster occurrence, while the
sensitivity of the disaster-predisposing environment reflects
the extent to which these environmental conditions respond to
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and accelerate the initiation and evolution of disasters 331" B4,

In the piedmont plain of the Taihang Mountains, topographic
factors including elevation and slope regulate the flow
velocity of water through drainage networks and catchments.
The region is characterized by a dense network of water
systems: river network density serves as an indicator of
hydrological system development, with higher density
corresponding to enhanced channel incision, concentrated
runoff, and accelerated confluence. Additionally, distance to
rivers determines the degree of flood exposure—areas in
proximity to rivers are subject to the most severe flood
impacts, making this factor critical for identifying flood-
vulnerable zones B°1. Accordingly, this study selects elevation,
slope, river network density, and distance to water bodies as
the core indicators for evaluating the sensitivity of the
disaster-predisposing environment.

The vulnerability of disaster-bearing bodies refers to the
degree of loss incurred by humans and their social resources

Available at www.ijsred.com

when exposed to disasters B¢ B7 In this study, three
indicators are selected: population density, GDP per unit area,
and the proportion of the primary industry. Higher population
density and GDP per unit area increase the susceptibility to
adverse impacts during disaster events. The proportion of the
primary industry reflects both the sensitivity to hydroclimatic
conditions and the resilience to recovery of the region.

Disaster prevention and mitigation capacity (R) refers to
the adaptive measures implemented to mitigate the impacts of
flood disasters ?21° B8 For the dimension of disaster
prevention and mitigation capacity, common evaluation
indicators include the number of hospital beds, flood control
standards, and drainage standards. Higher values of these
indicators signify enhanced social development and improved
protective capabilities, which can reduce flood vulnerability to
a certain extent. In this study, medical service capacity and
emergency expenditure capacity are selected as the core
evaluation indicators.

Table I Flood Disaster Risk Assessment Indicator System for the Alluvial-Diluvial Plain in the Piedmont of the Taihang Mountains

Target layer Principle layer

Index leve

Indicator Impact Data source

Maximum intensity

of

China Meteorological

. Data Network
. . Heavy Rainfall
Hazard of Disaster-Causing . .
Factors Average rainfall + China Meteorological
& Data Network
. China Meteorological
Peak flood discharge + Data Network
Digital Elevation Model - Geospatial Data Cloud
Sensitivity of  Disaster- Slope - Geospatial Data Cloud
Risk Assessment of Prone Environment River network density - Geospatial Data Cloud
Flood Disasters Water System Distance + Geospatial Data Cloud
. NASA’s Goddard
+ .
Gross Domestic Product Space Flight Center
Vulnerability of Disaster- . . county/district
. . + .
Bearing Bodies Population Density government websites
Proportion of the primary county/district
industry government websites
: : county/district
Disaster Prevention and Medical Capacity ) government websites
Mitigation Capability Expenditure for county/district

Emergency Management

government websites
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2) Determination of Weights for the Evaluation Factor
System : Determination of Subjective Indicator Weights via
the Analytic Hierarchy Process (AHP). The AHP, a systematic
analysis and decision-making method proposed by Saaty in
the 1970s, decomposes complex decision problems into
hierarchical structures. It constructs pairwise comparison
judgment matrices to derive the relative weights of individual
indicators. By effectively integrating expert experience and
qualitative judgments, AHP has been widely applied in
domains such as flood risk assessment, with its core steps
encompassing judgment matrix construction, weight
calculation, and consistency testing 1" B9 B0 Given the
method’s extensive prevalence in existing literature, the
specific calculation formulas for factor weights are not
elaborated herein.

Objective Weight Determination of Indicators via the
CRITIC Method. The CRITIC method, an objective weighting
approach proposed by Diakoulaki et al. (1995), is capable of
identifying and downweighting information-redundant
indicators, thereby rendering the weight allocation more
scientific and rational (Equation (1-7)) !,

(1) Standardization processing

¢)) This
study adopts the Min-Max normalization method to
standardize raw data, thereby eliminating the influence of
dimensionality. For positive indicators (higher values indicate
greater risk), refer to Equation (1); for negative indicators
(lower values indicate greater risk), refer to Equation (2):

xij = (xij — minX)/(maxX — minX) D
xi; = (maxX — x;;)/(maxX — minX) (2)

(2) Calculate indicator variability
2) Vari

ability is quantified by the standard deviation S of the
indicator, which reflects the degree of variation in the j-th
indicator across samples. A larger standard deviation indicates
a higher information content:

— 1
X =4 X j 3)
—\2
S = Z?zl(xij - xj) @)
J n—1
3) wher
e fj is the standardized mean of the j-th indicator.
(3) Calculation of indicator conflict
(4) Conf

lict reflects the degree of information independence between
the j-th indicator and other indicators. The Pearson correlation

coefficient 7;; is employed to measure the linear correlation
between indicator i and indicator ;.
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n
R; = zi:l(l =13

(4) Calculation of indicator information volume

5) The
information content C; comprehensively accounts for both the
variability of the indicator itself and its degree of
independence from other indicators. A higher value of C;
indicates a greater information contribution of the indicator to
the evaluation system.

)

(5) Determine objective weights
6) The
information content of each indicator is normalized to derive

the CRITIC objective weight vector W;.

C.
=
W /2;11 G

Determination of Comprehensive Indicator Weights
Based on the Game-Theoretic Combinatorial Weighting
Method. The game-theoretic combinatorial weighting method
is designed to optimize the objective function under the
influence of multiple factors. By integrating the results of the
AHP subjective weighting method and the CRITIC objective
weighting method, the optimal weights are derived B,

Q)

(1) Calculate the initial weights

To fully leverage the respective advantages of subjective
and objective weighting methods, the initial weights are
determined by a linear combination of the weights obtained
from the Analytic Hierarchy Process (AHP), denoted as w™®,
and those derived from the CRITIC method, denoted as w®
(Equation (8)). Here, au and a. are combination coefficients
representing the relative contributions of the two weighting
results.

w=aw® +a,w® (8)
where o +02=1, x>0
(2) Optimization objective
The formulation is given by Equation (9) below.
2
9

minz Tw—w® |2
k=1

(3) Compute the partial derivatives of the function with
respect to ou and o2, and set them to zero to derive the
system of linear equations.
w® @ @, W(Z)] [al] _[w®. W(l)] (10)
W(Z) . W(l) W(Z) . W(Z) az W(Z) . W(Z)
where w® - w® = ¥ w®, . w® is the dot product of

vectors, n is the number of evaluation indicators.

(4) Normalized Combination Coefficients.

o
2
j=1|aj |

(5) Final combined weights.

(€Y

ay =
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w' = aiw® + azw® (12)

3) Flood Disaster Risk Assessment Model: Flood risk

is a comprehensive assessment of potential losses and

damages from flooding, establishing a four-dimensional risk

evaluation framework of H-E-V-R, whose conceptual
description can be expressed as 1.

n
—_ *
R = ZW] xij
=1

In the formula, R represents flood disaster risk, which is
jointly determined by hazard factor danger level, disaster-
prone environmental sensitivity, vulnerability of exposed
elements, and disaster prevention and mitigation capacity; x;;
denotes the value of each indicator, and w; represents the
weight of each indicator.

III. RESULTS
A.  Weight

(13)

Weight results derived from different weighting methods
exhibit discrepancies. The weights obtained via the game-
theoretic combinatorial weighting approach integrating AHP
(Equation (1-7)) and CRITIC (Equation (8—13)) are presented
in Table II. All evaluation matrices in the AHP method passed
the consistency test.

Within the Analytic Hierarchy Process (AHP) framework,
the top five weighted factors are distance from water systems
(0.2440), rainfall intensity (0.1496), population density
(0.1001), and elevation-slope (0.0934), whereas river network
density (0.0365), medical capacity (0.0318), and the
proportion of primary industry (0.0219) exhibit the lowest
weights. This method reveals that flood disasters in the
alluvial-proluvial plain area at the piedmont of the Taihang
Mountains are primarily governed by proximity to rivers—
with flood susceptibility increasing as distance to rivers
decreases. Furthermore, flood occurrences are also
significantly influenced by rainfall intensity, population
density, and terrain conditions.

Objective weights for standardized indicators were
computed using the CRITIC method, yielding rankings that
exhibit certain discrepancies from the subjective weights
derived via AHP. Among the CRITIC-derived objective
weights, distance to water systems (0.1935) ranks the highest,
followed by peak flood discharge (0.1521) and the proportion
of primary industry (0.1391). Notably, population density—
previously a top-ranked factor in the subjective weight
system—has a markedly lower objective weight (0.0249).
This discrepancy arises from the CRITIC method’s inherent
preference for indicators with high spatial variability and low
information redundancy: distance to water systems and peak
flood discharge demonstrate distinct spatial gradients and high
independent information content, whereas population density
exhibits relatively homogeneous spatial distribution across the
study area, resulting in its lower objective weight. Population
density (0.0249), emergency investment (0.0176), and GDP
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(0.0173) are assigned the smallest weights in the CRITIC
framework.

The game-theoretic composite weights reveal that
distance to water systems (0.2220), rainfall intensity (0.1370),
and peak flood discharge (0.1127) are the top contributors to
flood risk. Among the four evaluation dimensions, the hazard
(H) dimension accounts for the largest share (31.05%), with
rainfall intensity and peak flood discharge jointly contributing
nearly one-quarter of this proportion. The sensitivity
dimension (54.74%) is dominated by distance to water
systems (22.20%), which was assigned high weights by both
the AHP and CRITIC methods—reflecting its consistent
importance across subjective and objective frameworks, hence
receiving a higher composite weight. The vulnerability
dimension (16.94%) is characterized by the dominance of the
primary industry proportion, while the combined weight of
population and economic indicators is less than 10%. For the
disaster prevention and mitigation capacity dimension
(8.53%), the weights of Medical Capacity and Expenditure for
Emergency Management show significant discrepancies
between the AHP and CRITIC results; however, the game-

theoretic combination yields more converged weight
outcomes.
Tablell Game theory combination weights
AHP  CRrrTic ~ ame theory
Index . . combination
Weights ~ Weights .
weights
Maximum intensity
of Heavy Rainfall 0.1496 0.1207 0.1370
Average rainfall 0.0453 0.081 0.0608
Peak flood 00823  0.1521 0.1127
discharge
Digital Elevation 5934 908 0.0792
Model
Slope 0.0934 0.0386 0.0695
River network 0.0365  0.0995 0.0640
density
Water System 5440 0.1935 0.2220
Distance
Gross Domestic ) 536> 0173 0.0291
Product
Population Density 0.1001 0.0249 0.0673
Proportion of the ) )19 139 0.0730
primary industry
Medical Capacity 0.0318 0.0548 0.0418
Expenditure for
Emergency 0.0636 0.0176 0.0435
Management

B.  Flood Disaster Risk Assessment Results

Based on the weights obtained through combined
weighting and formula (13), the results for each dimension
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(Fig. 2) and the comprehensive risk assessment results (Fig.
3a) are derived.

The hazard intensity of disaster-causing factors exhibits
significant spatial heterogeneity, presenting an overall west-
to-east decreasing gradient pattern (Fig. 2a). High-hazard
areas account for 3.54% of the total study area, primarily
concentrated in the alluvial-proluvial plain zone at the
piedmont of the Taihang Mountains in the west, extending as
continuous linear belts along the mountain range orientation.
Moderately high-hazard areas occupy 9.60% of the area,
characterized by patchy spatial patterns—predominantly
distributed around urban agglomerations such as Beijing,
Shijiazhuang, and Hebi in the west, with a few scattered
patches in the east. Moderate-hazard areas cover 27.92% of
the area, forming discontinuous linear belts stretching from
the northeast to the central-west and southeast, showing a
spatial coupling relationship with regional topographic
transition zones and major water system corridors. Moderately
low-hazard areas make up 28.22%, concentrated along the
Southern Canal in the east and the Tang River basin in the
northwest. Low-hazard areas account for 30.73%, appearing
as isolated block-like structures, mainly located in the
relatively flat inland plains of the central-southern and central-
northern regions.

The sensitivity of the disaster-pregnant environment
exhibits significant spatial agglomeration characteristics, with
high-value areas primarily concentrated along major river
systems, forming an overall radial decreasing distribution
pattern extending from the Bohai Bay to inland rivers in the
west (Fig. 2b). High-sensitivity and moderately high-
sensitivity areas together account for 42.40% of the total study
area, which are highly clustered in typical flood-prone regions
with dense hazard-bearing bodies—including the Yongding
River floodplain in the northeast, the Dongdian flood storage
and detention area in the central-south, and the Dazhuze—
Ningjinbo flood storage and detention area. Moderate and
moderately low-sensitivity areas are distributed in zonal or
banded patterns surrounding the periphery of high- to
moderately high-sensitivity areas, accounting for 32.92% of
the total area; low-sensitivity areas are scattered in patchy
formations, concentrated in the outer areas of river systems,

with the two types of areas collectively accounting for 24.69%.

The vulnerability of hazard-bearing bodies exhibits an
overall spatial differentiation pattern with higher values in the
central region and lower values in the northern and southern
regions (Fig. 2c). High-vulnerability and moderately high-
vulnerability areas account for 43.78% of the total study area,
primarily distributed as continuous block-shaped clusters in
the central alluvial-proluvial plain at the piedmont of the
Taihang Mountains, with a few scattered patchy distributions
in the northern region. These areas are highly spatially
coupled with core hazard-bearing body agglomerations
characterized by high population density and large GDP
aggregates. Moderate-vulnerability areas occupy 22.38% of
the area, mainly concentrated in the central plain hinterland
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and showing a block-like spatial distribution. Low-
vulnerability and moderately low-vulnerability areas together
account for 33.84%, distributed in patchy patterns and
primarily concentrated in the southwestern piedmont zone of
the Taihang Mountains and the northeastern downstream plain
of the Haihe River Basin.

Spatially, the disaster prevention and mitigation capacity
presents an overall differentiation pattern of "low in the
central area and high in the surrounding areas" (Fig. 2d). Low-
value and moderately low-value areas jointly account for 4.99%
of the total study area, which are highly concentrated in the
built-up areas of core cities such as Beijing, Tianjin, and
Shijiazhuang—indicating that these regions have relatively
high levels of medical resource allocation and emergency
fiscal expenditure intensity, and thus their comprehensive
disaster prevention and mitigation capacity is actually
relatively strong. Moderately high-value areas are mainly
distributed in the peripheral counties of the study area,
showing a scattered block-like pattern, with their capacity
levels generally falling in the lower-middle range. This
reflects that there is still a significant spatial imbalance in
regional disaster prevention and mitigation capacity building,
and there is an urgent need for systematic improvement in the
peripheral areas.

The risk assessment results exhibit an overall spatial
differentiation pattern of "high in the northern, central, and
southern regions, and low in the surrounding areas" (Fig. 3a).
By risk level classification: high-risk areas account for
15.03%, moderately high-risk areas for 27.07%, moderate-risk
areas for 20.53%, moderately low-risk areas for 20.03%, and
low-risk areas for 17.35%. The spatial distribution
characteristics are as follows: High-risk areas extend in a
zonal pattern along major river systems such as the Yongding
River, Hutuo River, and Zhangwei River, concentrating in
core urban agglomerations in the northern region (Beijing,
Tianjin, Langfang), central region (Shijiazhuang), and
southern region (Xinxiang). Moderately high-risk areas
generally inherit the spatial orientation of high-risk areas,
primarily distributed in the mid-northern Ziya River Basin and
mid-southern Fuyang River Basin. Moderate-risk areas are
mainly clustered in the peripheral zones of high- and
moderately high-risk areas, showing a zonal distribution.
Low-risk and moderately low-risk areas are scattered in
patchy formations, mostly located in the central plain
hinterland far from the main river systems.
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Fig. 2 Distribution of flood risk dimensions: (a) H, (b) S, (¢)V, (d) R
IV. Discussion
A.  Reliability of Results

To verify the reliability of the risk assessment results, a
spatial overlay analysis was performed using county-level
historical flood inundation frequency data spanning 2000—
2022 31, The results indicate that 70.59% of the identified
high-risk and very-high-risk areas overlap with regions where
the historical inundation frequency is > 3 times, revealing a
strong spatial coupling relationship between high-risk zones
and historically flood-prone areas. This finding demonstrates
that the assessment results effectively capture the cumulative
effects of historical disaster-causing processes. Flood risk is a
comprehensive outcome of the combined effects of hazard,
sensitivity, vulnerability, and disaster prevention and
mitigation capacity, whereas historical inundation frequency
only characterizes the hazard dimension—thus, the two are
not fully consistent. However, the 70.59% overlap rate at the
county scale provides empirical support for the reasonableness
of the assessment results.

Furthermore, this study further adopted the extreme
scenario characterized by the 100-year return period flood
inundation extent to conduct spatial consistency validation for
high-hazard and very-high-hazard zones (Fig. 2b). The results
indicate that 73.97% of high-hazard and very-high-hazard
units are located within the inundation extent with a depth
greater than 0.5 m, demonstrating that the assessment results
effectively depict the spatial pattern of potential hazards under
extreme flood events. The integrated hazard assessment,
which comprehensively considers multiple factors including
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hazard agent risk, disaster-forming environment sensitivity,
and disaster prevention and mitigation capacity, further
verifies the robustness and applicability of the assessment
system.

Thus, the validation from two dimensions—historical
disaster frequency and extreme scenario inundation extent—
demonstrates that the risk assessment results exhibit sound
reasonableness and high credibility.
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Fig. 3 Assessment Results of Flood Disaster Risk and Hazard in the Study
Area: (a) Flood Disaster Risk, (b) Flood Disaster HazardFlood disaster risk
distribution maps

B.  Key Influencing Factors and Strategic
Recommendations for the Spatial Distribution of Flood
Disaster Risk in the Piedmont Area of the Taihang
Mountains

Flood disaster assessment necessitates an understanding
of its causal mechanisms. Historical flood impact records
indicate a general increase in flood-induced impacts, which is
primarily driven by economic expansion and population
growth [, The assessment results reveal a spatial pattern of
the Taihang Piedmont area characterized by high flood risk in
the northern, central, and southern segments, with low risk in
the peripheral regions. High-risk zones are predominantly
concentrated in core urban centers including Beijing,
Shijiazhuang, and Xinxiang, and are distributed along the
Yongding River, Hutuo River, and Zhangwei River systems;
low-risk areas are mainly located in the Xingtai area. This
spatial pattern is highly consistent with the rainfall
characteristics, river system distribution, topographic
conditions, and the agglomeration of socioeconomic activity
factors in the Taihang Piedmont area.

From the perspective of natural factors, the occurrence
probability of regional flood disasters is jointly determined by
hazard agents and disaster-forming environments. Results of
game theory-based weighting show that the weights of
distance to water systems, rainfall intensity, and peak flood
discharge account for the largest proportion, totaling nearly
50%. In the Taihang Piedmont Plain, rainfall processes and
water system distribution serve as the dominant factors
shaping the spatial heterogeneity of regional flood risk.
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Additionally, elevation contributes 7.92% to the combined
weight, ranking fourth—this further indicates that topographic
conditions elevate the probability of flood disasters. Given the
"high in the northern, central, and southern segments, low in
the periphery" risk spatial pattern derived from regional
rainfall, topography, and other influencing factors, it is
imperative to strengthen hydrometeorological monitoring and
early warning systems, restrict the intensity of local
engineering development, and prioritize engineering
governance and risk-avoidance relocation. In line with the
flood control strategy of "upstream storage, midstream
drainage, downstream discharge, and effective flood
management,"” efforts should focus on reinforcing
embankments and dredging drainage channels of dams and
regional rivers to enhance flood conveyance -capacity;
implementing zonal management of flood storage and
detention areas to retain their regulation and isolation
functions; and improving safety facilities and compensation
mechanisms.

Flood disaster risk is also shaped by socioeconomic
activities. Integrated weighting results reveal that low-risk
areas are characterized not only by low precipitation and
sparse river networks, but also by small population size, low
economic development level, and low vulnerability of
disaster-bearing bodies. In contrast, high-risk core urban
centers such as Beijing and Tianjin show that high population
density and medical capacity exert significant impacts on
flood occurrence. Disaster risk management necessitates the
integrated implementation of engineering and non-engineering
measures, which aim to reduce the hazard intensity of hazard
agents, minimize the exposure of disaster-bearing bodies,
enhance the resilience of disaster-affected systems, and
comprehensively improve regional disaster prevention and
mitigation capacities. Specifically, efforts may focus on
promoting regular physical exercise among the public,
advancing national fitness initiatives, and strengthening
emergency response and post-disaster recovery capacities at
the community level.

In conclusion, high-risk areas are primarily shaped by the
combined effects of dominant natural factors (i.e., rainfall,
topography, and water systems) and anthropogenic conditions
(including high population density, economic development
level, and disaster prevention capacity). While natural
conditions exert a more pronounced influence on flood
disasters, effective risk governance and enhanced regional
resilience can substantially mitigate potential losses.

V. CONCLUSIONS

Taking the Taihang Piedmont Plain as the research object,
this study constructs a flood disaster risk assessment index
system based on the disaster risk system theory, covering four
dimensions:  hazard agent hazard, disaster-forming
environment sensitivity, disaster-bearing body vulnerability,
and disaster prevention and mitigation capacity. A game-
theoretic combined weighting method integrating the Analytic
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Hierarchy Process (AHP) and the Criteria Importance
Through Inter-criteria Correlation (CRITIC) method (which
accounts for inter-indicator correlations) is adopted to
determine indicator weights, thereby realizing the assessment
of flood disaster risk and the delineation of risk spatial
distribution patterns in the study area. The main conclusions
are as follows:

(1) The flood disaster risk in the Taihang Piedmont Plain
exhibits significant spatial heterogeneity, characterized by a
distribution pattern of higher risk in the northern, central, and
southern segments and lower risk in the peripheral regions.
High-risk zones are primarily concentrated along major river
systems including the Yongding River, Hutuo River, and
Zhangwei River, clustered in core urban agglomerations such
as Beijing, Tianjin, Langfang, Shijiazhuang, and Xinxiang,
and extend along these river corridors. Moderately high-risk
areas are mainly distributed in the mid-northern Ziya River
Basin and the mid-southern Fuyang River Basin. Low- and
relatively low-risk zones are predominantly located in the
central region distant from major water systems.

(2) Indicator weight analysis results reveal that distance
to water systems, rainfall intensity, peak flood discharge, and
elevation are the most influential factors, acting as key driving
forces for flood disaster risk formation in the study area.
Among these, distance to water systems reflects the spatial
pattern of flood flow direction and its outward diffusion
process; high rainfall intensity and peak flood discharge
represent the  fundamental hydrological  conditions
underpinning regional flood occurrence; elevation further
exacerbates spatial disparities in flood disaster risk between
mountain passes and plain areas. Additionally, high
population density, high economic development level, strong
vulnerability of disaster-bearing bodies, and insufficient
medical service capacity exert significant differential impacts
on the spatial distribution of risk.

(3) The frequency of historical disasters and inundation
extent validate the rationality of the assessment results.
Among counties with a historical disaster frequency of >3
occurrences over the past 22 years, 70.59% correspond to
high-risk zones in the assessment; meanwhile, the spatial
consistency between inundation areas and regional disaster
risk assessment results reaches 73.97%. These findings
indicate that the risk assessment model can effectively identify
historically disaster-prone regions, demonstrating notable
reliability. The assessment outcomes can provide a scientific
basis for flood disaster risk management and prevention in the
Taihang Piedmont Plain.
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