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With global warming, flood disasters caused by rainstorms have been occurring frequently
in recent years. Therefore, it is necessary to carry out disaster loss and risk assessment. How to
quickly and accurately achieve disaster risk assessment is a major problem in risk assessment
work. In this paper, we constructed a disaster risk assessment and disaster area risk prediction
analysis model from the two aspects of loss degree and danger in disaster risk assessment. First,
we realized the rapid simulation of inundation area, inundation depth, and flow velocity by using
the inundation simulation and estimation model of flood disaster. Second, on the basis of
simulation results of the flooding model, combined with multisource spatiotemporal data, we
constructed a dynamic assessment model for disaster losses and a bridge hazard analysis model
to effectively evaluate the spatial distribution of damaged buildings, construction land,
agricultural land, and bridges in a disaster area. Third, in this paper, we propose a disaster risk
prediction and analysis technique to predict the spatial distribution of areas potentially affected
by rainfall. Finally, we selected three regions in Beijing as experimental areas, namely,
Mentougou District, Fangshan District, and Changping District, where an extremely heavy
rainstorm occurred in July 2023. On the basis of the above models, the risk assessment and
prediction analysis of rainstorm disasters were carried out, which proved that the models
proposed can provide data support for rapid disaster assessment and leadership decision-making
to a certain extent.

1. Introduction

Rainfall is a common natural disaster, which has a wide range of impacts and destructive
power, and poses a serious threat to urban transportation, public facilities, and residents’ lives.(
Rapid and accurate rainstorm disaster risk analysis can provide not only timely and effective
data support for rescue workers, but also technical support for the precise delivery of relief
materials, and it can also improve the efficiency of postdisaster rescue.?) Therefore, how to
achieve rapid and accurate disaster risk analysis is one of the current research problems. An
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accurate disaster risk assessment model can provide data support for postdisaster reconstruction
and leadership decision-making.

Loss degree is the main outcome of disaster risk analysis, which mainly refers to the spatial
location and intensity of rainstorm inundation in the analysis and evaluation of the impact of
heavy rainfall.® Combined with the data of buildings, roads, bridges, and other affected
infrastructure, a correlation analysis model of multisource spatiotemporal data and rainstorm-
inundated location and intensity was constructed in order to quickly and accurately assess the
loss and risk analysis of various facilities caused by a rainstorm.*7) Therefore, accurate disaster
simulation estimation is the basis for constructing the correlation analysis model, which affects
the speed and accuracy of constructing the correlation model between the simulation estimation
results and the spatiotemporal data.

The simulation and estimation of heavy rainstorm disaster are mainly performed by
combining extreme hydrometeorological data with hydrological models, including probability
statistics and model simulation. The probability statistics method is based on historical disaster
data to calculate the loss caused by disasters. Owing to the lack of data, this method can only be
evaluated on a large scale.®”) The model simulation method is used to study the disaster loss
from the objective empirical analysis and simulation of the physical mechanism of the disaster,
which has higher accuracy and authenticity than the probability statistics method. It mostly
adopts spatial analysis and hydrological models for simulation, such as determining the
relationship between the highest water level and the high-precision digital elevation model
(DEM), and quickly obtains the inundation depth.1°~12 Some scholars coupled the stormwater
control measure model with the flood area model to conduct the rapid simulation and estimation
of disaster.(1®) Yang et al. used the coupled 1D and 2D SOBEK hydrodynamic models to simulate
flood inundation.('"¥ Wu et al. used the dominant river tracing-routing integrated with variable
infiltration capacity (VIC) environment (DRIVE) model and its global-to-local real-time flood
forecasting system to simulate the spatial distribution of inundation of heavy rainfall by
inputting meteorological elements, including precipitation, wind speed, and temperature, and
land surface parameter sets such as soil, vegetation, and topography. The model realizes the
rapid simulation of the dynamic process and spatial and temporal distributions of disasters.(1>19)

Therefore, to quickly and accurately realize the disaster loss assessment caused by heavy
rainfall, we first adopted the DRIVE hydrological model to simulate the inundation area,
inundation depth, and maximum flow rate of floods, so as to quickly obtain the spatial
distribution of the inundation caused by heavy rainfall. Second, on the basis of the spatial
distribution range of inundation, combined with spatial and temporal data such as topography,
construction, and land use in Beijing, we constructed the dynamic analysis model of disaster loss
and the bridge risk analysis model to realize the immediate assessment of disaster damage.
Finally, on the basis of the above models, we put forward a disaster early warning and assessment
model and took Fangshan District as a test area to forecast and analyze the rainfall disaster.

2. Methods

First, we obtained the location and affected area of the disaster, established relatively reliable
original basic data, and combined the DEM topographic data, as well as the meteorological data
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such as rainfall, air temperature, and wind speed, and through the inundation simulation
estimation model, we realized the data of the inundation range, inundation depth, and flood flow
velocity in the affected area. Second, on the basis of the inundation range and depth data
simulated by the model, combined with multisource spatial and temporal data such as houses,
construction land, agricultural land, and unused land, and using the multiscale grid as the
dividing unit, we constructed the dynamic assessment model of disaster damage, which is used
to assess and analyze the loss degree of a disaster area. Third, on the basis of the flood velocity
data simulated by the inundation simulation estimation model, we constructed the bridge risk
analysis model to analyze and evaluate the bridge affected by the flood. Fourth, on the basis of
the above model identification results, combined with the hourly inundation range simulated by
the model, we predicted the degree of damage to the suspected disaster area caused by
precipitation, which proved the practicability of each analysis and assessment model constructed
in this paper, and at the same time, proved that our analytical model has the ability of rapid
response to disaster risk assessment. The research idea of this paper is shown in Fig. 1.
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Fig. 1.  Technical road map for model construction.
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2.1 Estimation model for flood simulation

The DRIVE model used in this paper is a coupling of the large-scale distributed hydrologic
VIC and DRTR models. The DRTR model calculation formula is

Continuity equations: o4 + 0 =q;, M
ot Ox
Momentum equation: S, =S, (@)
g2
Manning's formula: Q = ;2\3 A5, A)
n

where ¢ is time (s), x is the longitudinal flow distance (m), 4 is the wetted area (m?) defined as the
cross-sectional area of the channel below the surface of the water, P is the wetted perimeter (m),
and Sy is the friction slope that combines the effects of gravity, friction, inertia, and other forces
on the water surface. If the terrain is steep enough for gravity to play a greater role than other
forces, then Sy can be approximated using the channel bottom slope S, which is a basic
assumption of the kinematic wave routing method. In Eq. (3), » is Manning’s roughness
coefficient, which is not directly measurable and is mainly controlled by surface roughness,
bottom material type, flow channel curvature, and so forth. Q is the flow rate (m3/s) and ¢, is the
lateral flow rate per unit width (m3/s/m).

2.2 Dynamic assessment model of disaster losses

On the basis of the data of inundation range and depth simulated in Sect. 1.2, combined with
the number of houses, agricultural land, construction land, and unused land, we constructed the
dynamic assessment model of disaster damage to realize the rapid assessment of the disaster
situation in the disaster area under heavy rainfall disaster. First, we constructed a multiscale
analysis grid spatial unit, which is the analysis unit of the model in this paper. Second, we
processed and analyzed the submergence data and the spatiotemporal data of disaster facilities
on the basis of the spatial unit and obtained the submergence simulation data of a multiscale
grid. Finally, on the basis of the multiscale grid data, we used the spatial overlay analysis and
grid statistics technology to quickly assess the damaged area of the building, the number of
houses, agricultural land, construction land, and unused land, and the disaster situation is
analyzed immediately after the disaster occurred. The affected areas of construction land,
agricultural land, and unused land are the data areas in the statistical grid, and the number of
houses is the number of affected areas in the statistical grid. The affected building area is the
building area within the statistical grid, and the formula for the affected building area within
each grid is

n
Building Area; = ZAk *Cp» “)
k=0
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where Building Area; represents the area of the damaged building in the 7 grid, » represents the
number of damaged buildings, 4, represents the bottom area of the K building, and C;, represents
the number of floors of the K building.

2.3 Bridge hazard analysis models

On the basis of the flow velocity data of the simulated inundation area in Sect. 1.2, we
interpreted the data of the bridge that is clearly affected by the disaster through remote sensing.
Then, we determined and analyzed the correlation between the flow velocity and the data of the
damaged bridge. This correlation model can evaluate the disaster-hit bridges that cannot be
identified by remote sensing, analyze the bridges that are subject to greater impact by the flood
water during the occurrence of the rainstorm, and conduct the hazard analysis and evaluation of
the bridges within the disaster area. We carried out the risk analysis and evaluation of bridges in
the disaster-affected area to provide data support for the rapid analysis of the damage of bridges
after the disaster. Through the intersection of bridge and flow velocity data, the number of grids
(N) where the bridge is located and the corresponding flow velocity V of each grid are obtained,
and the average flow velocity of the bridge is calculated.

AV; = ZVz‘j /N, )
j=0

Here, AV; represents the average flow velocity of bridge i and V; represents the flow velocity of
the j grid within bridge i. N, is the number of grids covered by bridge i.

3. Experiments and Analysis
3.1 Dataset

On July 29, 2023, under the effect of the residual circulation of Super Typhoon Doksuri and
the subtropical high pressure, the water vapor transport of Super Typhoon Khanun, and the
comprehensive effect of topography, severe heavy rain occurred in Beijing and its surrounding
areas, accompanied by major floods, among which Mentougou District, Fangshan District, and
Changping District were affected very seriously than other districts. These districts are located
in the west of Beijing. The topography is relatively undulating and the mountainous area is
relatively large, among which the mountainous area of Fangshan District is about 1327 square
kilometers. The Mentougou mountainous area accounts for 98.5%, and the mountainous area of
Changping District is about 800 square kilometers.

Therefore, we took the three severely affected areas of Mentougou District, Fangshan
District, and Changping District in Beijing as the study areas. The data used in this study
included inundation-related and multisource spatiotemporal data. Among them, the resolution of
terrain data is 2 m, the grid resolution of rainfall inundation data simulated by the inundation
simulation model is 90 m, and the time resolution of rainfall inundation data is from 8:00 p.m. on
July 23 to 8:00 p.m. on August 6, 2023. Combined with meteorological data such as precipitation
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and temperature and topographic data, the inundation simulation estimation model constructed
and described in Sect. 2.2 is used to simulate the maximum inundation area where flooding
occurs, and then combined with the spatial and temporal data of housing and land use in Beijing,
the dynamic assessment model of disaster damage constructed and described in Sect. 2.3 is used
to evaluate the affected building area and farmland. Combined with the partially damaged data
of bridges decoded from satellite remote sensing, the risk evaluation model of bridges
constructed and described in Sect. 2.4 is applied to evaluate the riskiness of bridges. Combined
with some bridge damage data decoded by satellite remote sensing, the correlation between
bridge damage and water flow rate is analyzed using the bridge risk evaluation model
constructed and described in Sect. 2.4.

3.2  Experimental results
3.2.1 Flood simulation estimation model analysis results

The inundation simulation and estimation model described in Sect. 2.1.2 was used to simulate
the inundation range and impact in Mentougou District, Fangshan District, and Changping
District (Fig. 2). The analysis result shows that the spatial distribution of inundation water depth
exceeded 500 mm in Mentougou District, Fangshan District, and Changping District (i.e., the
disaster-affected areas adopted in this analysis) (Fig. 3). Figure 3 shows that the maximum
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Fig. 2. (Color online) Distribution of inundation water depth from 8 pm July 23, 2023 to 8 pm August 6, 2023 in
Fangshan District, Mentougou District, and Changping District (mm).
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Fig. 3. (Color online) Statistics of inundated area ratio in Fangshan District, Mentougou District, and Changping
District.

inundation water depth is located in Mentougou District, and Fangshan District not only has a
larger inundation water depth but also a larger disaster-affected area. After comparison with the
results of radar image analysis and preliminary manual judgment, the main trends of the
estimation results were found to be basically consistent with the actual situation.

3.2.2 Results of the dynamic assessment model for disaster losses
3.2.2.1 Results of the dynamic assessment of disaster losses in Fangshan District

Through the loss analysis of building area, quantity, and land type in Fangshan District, we
saw that Fangshan District is the most seriously affected among the three districts, and the
affected areas of construction land, agricultural land, and buildings are larger than those of the
other two districts. In addition, the inundation area of Fangshan District is not only wide but also
deep (Fig. 4). The affected area of construction land with a larger submerged water depth
accounts for about 4% of the total affected area of construction land, and agricultural land
accounts for about 2.3% of the total affected area of agricultural land. The number of affected
houses is large, accounting for about 3% of the total number of affected houses (Fig. 5).

3.2.2.2 Mentougou District results of the dynamic assessment of disaster losses
On the basis of the dynamic assessment model of disaster damage in Sect. 2.1.3, we analyzed

the disaster situation of construction area, quantity, and land use in Mentougou District. We saw
that Mentougou District is the more seriously affected among the three districts. The spatial
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Fig. 4. (Color online) Distribution of inundation water depth from 8 pm July 23, 2023 to 8 pm August 6, 2023 in
Fangshan District (mm).
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Fig. 5. (Color online) Statistical map of damage in Fangshan District.

distribution of inundation depth is shown in Fig. 6. Figure 7 shows the damage of construction
land, agricultural land, the number of buildings, and construction area. The total area of severely
affected construction land and agricultural land in Mentougou District is less than that in
Fangshan District, accounting for 55% of the total area of construction land and agricultural
land, respectively, and the number of affected buildings accounts for 46% of the total number of

affected houses.
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Fig. 6. (Color online) Distribution of inundation water depth from 8 pm July 23, 2023 to 8 pm August 6, 2023 in
Mentougou District (mm).
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Fig. 7. (Color online) Statistical map of damage in Mentougou District.

3.2.2.3 Results of the dynamic assessment of damage in Changping District

According to the dynamic assessment model of disaster loss in Sect. 2.1.3, Changping District
is the least affected among the three districts (Fig. 8). The quantities of construction land,
agricultural land, and buildings affected by the disaster are shown in Fig. 9. The inundated water
depth in most areas of Changping District is small, and the inundated water depth of more than
2000 mm accounts for 5% of the total construction land area, 15% of the agricultural land area,

and about 4% of the buildings.
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Fig. 8.  (Color online) Distribution of inundation water depth from 8 pm July 23, 2023 to 8 pm August 6, 2023 in
Changping District (mm).
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Fig. 9. (Color online) Changping District damage statistics.

3.2.3 Bridge risk analysis model results

On the basis of the bridge risk analysis model described in Sect. 2.1.4, we analyzed the
correlation between damaged bridges and flood velocity. According to historical data, there are
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249 bridges in Mentougou District and 843 bridges in Fangshan District. On the basis of remote
sensing images, we analyzed the bridges damaged after heavy rainfall in Beijing. The manual
analysis showed that 62 bridges were damaged in Mentougou District, 40 of which were
completely damaged. In Fangshan District, 50 bridges were damaged, 33 of which were
completely damaged. On the basis of the flow velocity data simulated by the damaged bridge
and the model described in Sect. 2.1.2, we analyzed the correlation between the bridge and the
flow velocity to evaluate the risk of the damaged bridge in the affected area.

3.2.3.1 Mentougou District hazard analysis of damaged bridges

During this round of heavy rainfall, the average flow velocity corresponding to all 249
bridges in Mentougou District was 0.17 m/s. However, the average flow velocity of the 62
damaged bridges in Mentougou District amounted to 0.79 m/s, which is about five times the
average of all the bridges, indicating that the higher flow velocity had a certain impact on the
damage of the bridges (Fig. 10).

The 22 partially damaged bridges corresponded to an average flow velocity of 0.29 m/s and a
maximum of 1.57 m/s, but the 40 fully damaged bridges corresponded to an average flow
velocity of 1.07 m/s and a maximum of 7.45 m/s, which is five times the flow velocity of the
partially damaged bridges. Whether it is the mean or the maximum value, the flow velocity of
the fully damaged bridges is significantly higher than that of the partially damaged bridges,
which shows that the higher the flow velocity, the more serious the damage.

After statistical analysis, when the maximum flow velocity is greater than 0.01 m/s, the
number of partially damaged bridges is 18, accounting for 80% of the total damage; when it is
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4.922950 - 7.445373

Fig. 10. (Color online) Distribution of flow velocities of damaged bridges in Mentougou District.
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greater than 0.03 m/s, the number of partially damaged bridges accounts for 60% of the total
damage and the number of completely damaged bridges accounts for 70% of the total damage.
The specific relationship between the number of damaged bridges and the flow velocity is
shown in Tables 1 and 2.

Considering the flow velocities of partially and completely damaged bridges, we selected
0.03 m/s as the critical flow velocity between damaged and undamaged bridges (the damaged
quantity accounted for about 60% of the total damaged quantity), and by analyzing the flow
velocity data of 249 bridges in Mentougou District, a total of 82 bridges that were subjected to
considerable impacts were extracted, and excluding 62 damaged bridges in the remote sensing
decipherment, there were 20 bridges that were also subjected to considerable impacts (Fig. 11).

Table 1

Velocity distribution of bridges with minor damage in Mentougou District.

Velocity interval (m/s) >0.07 >0.03 >(0.02 >0.01
Percentage of minor damage to total damage (%) 50 60 70 80
Table 2

Velocity distribution of bridges with severe damage in Mentougou District.

Velocity interval (m/s) >(0.19 >0.1 >0.03 >0.01
Percentage of severe damage to total damage (%) 50 60 70 80

Fig. 11. (Color online) Spatial distribution of the remaining 20 bridges in Mentougou District that were subjected to
considerable impacts (damaged bridges have been removed for deciphering).
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3.2.3.2 Hazard analysis of damaged bridges in Fangshan District

During this round of heavy rainfall, the average flow velocity corresponding to all 843
bridges in Fangshan District was 0.05 m/s. However, among the 50 affected bridges in Fangshan
District, the average flow velocity was 0.25 m/s, which is about five times that of all the bridges,
suggesting that the higher flow velocity has a certain effect on the damage of bridges.

The average flow velocity of 17 partially damaged bridges is 0.24 m/s, and the maximum is
1.16 m/s. The average flow velocity of 33 completely damaged bridges is 0.27 m/s, and the
maximum is 1.45 m/s. Both the mean and maximum flow velocities of the completely damaged
bridges are much higher than those of the partially damaged bridges, which reflects the positive
correlation between the flow velocity and the degree of damage of the bridges. This reflects that
flow velocity is positively related to the damage degree of the bridge (Fig. 12).

After statistical analysis, when the flow velocity is greater than 0.01 m/s, there are 12
partially damaged bridges, accounting for 70% of the total damage, and 26 completely damaged
bridges, accounting for 80% of the total damage. When it is greater than 0.03 m/s, the number of
partially damaged bridges is 13, accounting for 60% of the total damage, and the number of
completely damaged bridges is 23, accounting for 70% of the total damage. The relationship
between the specific number of damaged bridges and the flow velocity is shown in Tables 3 and 4.

Flow Velocity(m/s)
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Fig. 12. (Color online) Distribution of flow velocities at damaged bridges in Fangshan District.
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Table 3

Velocity distribution of bridges with minor damage in Fangshan District.

Velocity interval (m/s) >0.06 >0.03 >0.01 >0.005
Percentage of minor damage to total damage (%) 50 60 70 80
Table 4

Velocity distribution of bridges with severe damage in Fangshan District.

Velocity interval (m/s) >0.08 >0.07 >0.02 >0.01
Percentage of severe damage to total damage (%) 50 60 70 80

Fig. 13. (Color online) Spatial distribution of the remaining 32 massively impacted bridges in Fangshan District
(damaged bridges have been removed for deciphering).

Considering the flow velocities of partially and completely damaged bridges, we selected
0.03 m/s as the critical flow velocity between the damaged and undamaged bridges (the number
of damaged bridges accounts for about 60% of the total number of damaged bridges). By
analyzing the flow velocity data of 843 bridges in Fangshan District, a total of 82 damaged
Bridges were extracted. In addition to 50 damaged bridges with remote sensing images, 32
bridges were extracted through the correlation model in this paper (Fig. 13).

3.2.4 Results of disaster risk prediction analysis

The distribution of inundation water depths in Fangshan District at three-hour intervals from
0:00 a.m. on September 17 to 0:00 a.m. on September 18 (UTC time) simulated by the model in
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Sect. 2.2 was used to form a nine-phase inundation water depth dynamics monitoring and
warning map (as shown in Fig. 14). The comparative analysis of the inundation depth from 0:00
on September 17 to 0:00 on September 18 shows that the overall impact of this rainfall on
Fangshan District is not significant. The possible areas with greater potential impact are located
near Xiaoqing River, where the inundation depth in some areas exceeded 500 mm, except for
other areas where the inundation depth did not exceed 500 mm. The inundation depth near
Reject River was also only in the range of 200 mm, not exceeding 500 mm, but it may still have
some impact on transportation and residents’ lives, which can be prevented in the region.

On the basis of the predicted inundation water depths at 00:00 on September 18, we selected
the inundation water depths of more than 200 and 500 mm as the thresholds for this damage
assessment, and we used the dynamic damage assessment model described in Sect. 2.3 to
conduct a damage analysis of the rainfall and assess the communities within the inundation area
that might be affected by the rainfall. After counting, the number of communities and villages
that may be affected by this rainfall with inundation depths exceeding 500 mm is 32, all of
which are located near Xiaoqing River; the total number of communities and villages with
inundation depths between 200 and 500 mm is 12. Through the field rainfall test, the accuracy
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Fig. 14. (Color online) Dynamic monitoring of inundation water depth in Fangshan District on September 17, 2024.
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rate of the model is higher than 70%, and the evaluation efficiency of the model has been further
improved compared with manual interpretation.

4. Conclusions

In view of the frequent occurrence of extreme meteorological disasters in recent years, in
order to effectively assess and trace the losses caused by disasters, it is necessary to carry out
disaster loss degree and risk analysis. Therefore, for rainstorm disaster risk assessment, we
constructed the rainstorm disaster damage dynamic assessment and bridge risk assessment
model and carried out the risk prediction and analysis of the disaster area before the rainfall.
The main conclusions are as follows: (1) inundation area, inundation, depth, and flow velocity
are simulated quickly by using the inundation simulation estimation model. After comparison
with the radar image analysis results and manual judgment, the main trend of the simulated
results was found to be basically consistent with the actual situation. (2) In terms of the degree of
disaster loss, we constructed a dynamic assessment model of disaster loss, adopted
spatiotemporal data and a hydrological model to carry out the disaster assessment of houses,
land, and infrastructure, and effectively evaluated the quantity and spatial distribution of
damaged houses, land, and infrastructure. (3) For disaster risk analysis, a bridge risk analysis
model was proposed in this paper to analyze the correlation between bridge damage and flood
flow velocity, and the analysis results basically showed that the maximum flow velocity has a
strong positive correlation with the damage degree of bridges. Aside from the damaged bridges
interpreted by remote sensing, other dangerous bridges after flood impact can be analyzed and
calculated on the basis of this model. (4) On the basis of the results of the above analysis model,
we predicted and analyzed the disaster situation in Fangshan District and analyzed the spatial
distribution of areas potentially affected by rainfall to strengthen the disaster early warning
work in this region. In addition, in the model calculation of disaster loss and bridge damage
analysis in this paper, we found that the simulation accuracy depends on the terrain and other
multisource data, and thus, the model accuracy in this paper has not been refined. In the future,
the accuracy of model simulation and evaluation analysis will be improved by improving the
terrain resolution, such as the accuracy of DEM.
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