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Construction of the vulnerability function

The mountainous area of eastern Liaoning is the only debris flow- :
prone zone in Northeast China. Houses are mostly located downstream 1
along river valleys, making them highly vulnerable. In the Wudaogou area, :
repeated debris flows and the presence of abundant loose materials pose a :
significant reactivation risk. To assess potential hazards and building damage, 1
this study applies MassFlow simulation and finite element modeling. Due to :
the lack of observed damage data, a response model was built for typical :
single-story brick—wood houses, common in rural Northeast China. Based on 1
inter-story drift angles under various debris flow intensities, a vulnerability :
function was developed linking structural damage to flow velocity and :
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The methodology adopted in this study involves four key steps, and the work for bUIIdIngS
flow is shown in Fig.3. The first step entails preparation of the various input data:
required for numerical simulation. The parameters related to debris flow:
characteristics comprise debris flow density and blockage coefficient, etc. the
hydrological parameters involve the peak debris-flow discharge and debris flow:
hydrograph. Parameters related to the materials of debris flows include friction:
coefficient and turbulence coefficient. In the second step, the debris flow disaster
intensity (flow thickness and flow velocity) and impact range under different rainfall:
conditions is simulated using MassFlow, generating the debris flow hazard map. The:
third step involves construction of the numerical model for the buildings in the study
area based on field investigations and structural design information. Using these:
models, a vulnerability function for the buildings under debris flow hazards are then :
established. Finally, according to the vulnerability function, the debris flow hazard
map obtained via numerical simulation is converted to building vulnerability and:

classified into different damage degrees. :

This study conducted 72 simulations across six thicknesses and twelve velocities to
develop a 3D vulnerability surface. Results show that vulnerability increases with both
thickness and velocity. At high velocities, vulnerability rises sharply with increasing
thickness, while at low velocities, the increase is gradual. Likewise, at greater thickness,
velocity has a stronger influence on vulnerability. These findings suggest that relying on a
single indicator may introduce uncertainty, and combining both improves assessment
accuracy.

Displacement direction

thickness. Results indicate that these buildings have poor resistance:
damage becomes moderate at flow velocities >6 m/s or thickness >1 m, and
collapse may occur when velocity exceeds 10 m/s or thickness surpasses
2 m. Vulnerability is highest for houses near the gully mouth and on the
eastern riverbank. In the worst-case scenario, 57% of buildings may be
damaged, with 14% potentially destroyed. This method provides quantitative
risk maps and offers important insights for debris flow disaster prevention in
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Debris flows are fast-onset natural hazards that cause serious damage
to life and infrastructure. Their frequency has increased due to climate
change and more extreme weather. Accurate risk assessment—integrating
hazard simulation and evaluation of impacts on exposed elements like
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: The Wudaogou debris flow (WDF) basin is located in Fushun City,
1 Northeast China (124°52'31.33", 41°51'55.44"), at the intersection of the
: Liaohe Plain and Changbaishan Mountains, within the North China seismic
:belt. The area is characterized by rugged terrain, complex geology, and
| frequent heavy rainfall, making it highly prone to debris flows. Surface deposits
: mainly consist of Quaternary sediments and weathered metamorphic rocks,
: providing abundant loose material. The region has a warm temperate
1 monsoon climate, with an average annual precipitation of 900 mm (2000—
: 2020), concentrated in summer (June—August). On August 16, 2013, intense
: rainfall of 276 mm triggered a debris flow of ~100,000 m*, damaging nearby
1 buildings.

; The WDF basin spans ~0.73 km? and includes five tributaries and one
: main gully, which is 1051 m long, 90 m wide, and V-shaped with a cutting depth
1 of 1-2.5 m. Elevation ranges from 735 m to 535 m. The source area contains
: ~1m of loose soil and soft rock, with sparse vegetation on middle and lower
: slopes, increasing susceptibility during heavy rainfall.

| Buildings in the depositional area are aligned along both riverbanks and
: are mostly single-story brick—wood structures. They typically consist of 3m
: high masonry walls, brick strip foundations (~1 m high, 0.5 m wide), and timber
| roof trusses supporting double-pitched roofs. Many buildings lack structural
' columns and use interlocking brickwork at corners, reducing stability. Older
structures often lack ground beams, while newer ones include them for added
strength. The lightweight materials and poor lateral resistance make these

buildings highly vulnerable to debris flow impact.
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: Figure 4 shows the dynamic process of the Wudaogou debris flow (WDF)

: under a 1000-year rainfall event. Initially, debris flows from the source area into the

1 gully, with thickness of 1.5-2.5 m and velocity of 3—5 m/s at 200 seconds, spreading

: laterally at lower values. By 1200 seconds, debris reaches the depositional area with

I 0.5—-2.5 m thickness, while the translation zone accumulates debris up to 5 m thick. 1!

: Gully flow speeds increase to 5—8 m/s; other areas remain slower. At 3000 seconds, :: dynamic analysis and improved spatial detail. Advances in remote sensing and computing
' most of the village is flooded, with debris thickness near buildings at 1-3.5m and !, have made this |nc.;rea3|rlwgly practical. | | | |

I velocity slowing to 1-3 m/s. High velocities persist in the gully and river. After 6000 1! Accurate simulation depends on key parameters including debris flow density,

:seconds, thickness stabilizes mainly in the river zone; debris continues moving :: hydrograph, and rheological parameters. Here, debris flow density is estimated using the

quickly along channels but slows elsewhere. 11 morphological investigation method, which derives water—sediment volume from rainfall
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Simulations for 20- and 100-year events (Fig.6) show similar flow paths but 1! data without field sampling—suitable for inaccessible or data-scarce areas. :
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11 debris flow risk assessment but lack precision at the micro-scale and rely heavily on
historical data. This study applies numerical simulation for site-specific assessment, offering

weaker intensity. The 20-year event has debris thickness of 1.2—2.1 m and velocity ¥ A pentagon-shaped hydrograph is adopted for its balance of simplicity and realism.

1.0-11.2 m/s; the 100-year event has 1.9-3.5 m thickness and 1.7—16.9 m/s velocity: :: Rheological parameters are obtained via inversion analysis based on disaster traces,

the 1000-year event reaches 2.6—4.2 m thickness and up to 20.3 m/s velocity. These 11 compensating for the lack of fresh deposit samples. | |
results show debris flow intensity grows with longer rainfall return periods. Y Unlike conventional approaches requiring post-disaster surveys, this study uses
11 physical modeling to construct a vulnerability function based on simulated building response.

11 It enables quantitative assessment without prior damage records and is suitable for areas
with uniform building types. For structurally diverse regions, model customization is needed,
Il increasing computational demand. :

] This study assesses the vulnerability of single-story brick—wood buildings in the

*t&__ 5 Q‘ e n Wudaogou area using numerical simulation. These structures are common in northeastern :

‘ '' China but rarely evaluateq in debris flow r.|sk studies. Insteaq c?f relying on h|§torlcal:

Thickness (m) BN 0.0-0.5 [ 10-15 | [20-25 [N30-35 [ 4045 :: damage data, the study simulates the physical response of bun.dlngs under debris f!ow.

B 05-1.0 [0 1.5-2.0 (WO 25-30 MEN3S-40 H >45 iy impact. Key parameters such as density and discharge are derived from morphologlcal:

analysis, empirical formulas, and rainfall-runoff models. The 1000-year recurrence !
i simulation aligns well with the 2013 disaster, confirming model reliability.

T A three-dimensional vulnerability function is constructed from 72 scenarios with

varying flow thickness and velocity. The results show that vulnerability increases with both

Il factors and that the combined approach improves accuracy over single-indicator methods.

n The proposed framework is practical for areas lacking damage records and supports debris

flow risk assessment in data-scarce or previously unaffected regions.
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