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Physical vulnerability curve construction 
and quantitative risk assessment of a typhoon‑ 
triggered debris flow via numerical  
simulation: A case study of Zhejiang  
Province, SE China

Abstract  Typhoons are recurring meteorological phenomena in  
the southeastern coastal area of China, frequently triggering debris 
flows and other forms of slope failures that result in significant 
economic damage and loss of life in densely populated and eco-
nomically active regions. Accurate prediction of typhoon-triggered 
debris flows and identification of high-risk zones are impera-
tive for effective risk management. Surprisingly, little attention 
has been devoted to the construction of physical vulnerability 
curves in typhoon-affected areas, as a basis for risk assessment. To 
address this deficiency, this paper presents a quantitative method 
for developing physical vulnerability curves for buildings by mod-
eling debris flow intensity and building damage characteristics. In 
this study, we selected the Wangzhuangwu watershed, in Zhejiang 
Province of China, which was impacted by a debris flow induced 
by Typhoon Lekima on August 10, 2019. We conducted detailed 
field surveys after interpreting remote sensing imagery to analyze 
the geological features and the mechanism of the debris flow and 
constructed a comprehensive database of building damage char-
acteristics. To model the 2019 debris flow initiation, entrainment, 
and deposition processes, we applied the Soil Conservation Service-
Curve Number (SCS-CN) approach and a two-dimensional debris 
flow model (FLO-2D). The reconstructed debris flow depth and 
extent were validated using observed debris flow data. We gener-
ated physical vulnerability curves for different types of building 
structures, taking into account both the degree of building damage 
and the modeled debris flow intensity, including flow depth and 
impact pressure. Based on calibrated rheological parameters, we 
modeled the potential intensity of future debris flows while consid-
ering various recurrence frequencies of triggering rainfall events. 
Subsequently, we calculated the vulnerability index and economic 
risk associated with buildings for different frequencies of debris 
flow events, employing diverse vulnerability functions that factored 
in uncertainty in both intensity indicators and building structures. 
We observed that the vulnerability function utilizing impact pres-
sure as the intensity indicator tends to be more conservative than 
the one employing flow depth as a parameter. This comprehensive 
approach efficiently generated physical vulnerability curves and a 
debris flow risk map, providing valuable insights for effective dis-
aster prevention in areas prone to debris flows.

Keywords  Typhoon-induced debris flow · Physical vulnerability 
curve · Numerical simulation · Quantitative risk assessment

Introduction
Debris flows represent a recurring and catastrophic geological haz-
ard in mountainous regions, posing a substantial threat to human 
lives, property, and critical infrastructure (Tang et al. 2009; Ouyang 
et al. 2019). Quantitative risk assessment of debris flows is an essen-
tial tool for disaster prevention and urban planning (Eidsvig et al. 
2014; Zhang et al. 2015; Bout et al. 2018). This process entails the eval-
uation of potential hazards associated with debris flows, the iden-
tification of elements at risk (including buildings, individuals, and 
critical infrastructure) susceptible to debris flow events, and their 
vulnerability to these hazards. Typically, the assessment involves 
the analysis of historical data, the modeling of potential hazards 
and their impacts, and the utilization of this information to guide 
decision-making and planning endeavors aimed at mitigating the 
risk of debris flows (Eidsvig et al. 2014).

Hazard assessment of debris flows relies on dynamic process 
simulations (Luna et al. 2012; Bout et al. 2018), enabling the calcu-
lation of various indicators that represent the debris flow charac-
teristics. A comprehensive analysis of these dynamic processes is 
indispensable for evaluating hazard and risk zones (Guo et al. 2020; 
Figueroa-García et al. 2021). Achieving this requires a deep under-
standing of debris flow properties and attributes, including their 
formation mechanisms, frequency, and intensity (Chang et al. 2020; 
He et al. 2022). Utilizing numerical simulations based on physical 
models offers a quantitative means to analyze debris flow move-
ments (van Asch et al. 2014; Zhang et al. 2018; Horton et al. 2019). A 
range of models have been developed for debris flow modeling. For 
example, the RAMMS model was specifically developed for simu-
lating gravitational mass flows (Christen et al. 2010). The r.avaflow 
model, which includes three-phase flow dynamics (Mergili et al. 
2017a, b), has made substantial contributions to our comprehen-
sion of these natural phenomena. Recently, model development 
has focused on modeling the range of process interactions related 
to extreme precipitation events in mountainous terrains, such as 
the OpenLISEM hazard model (Bout et al. 2018). One of the most 
used models is the FLO-2D model, a depth-integrated continuum 
method employed since the 1990s (O’Brien et al. 1993). These mod-
eling approaches offer valuable resources for investigating debris 
flows, each with its unique advantages and tailored applications. 
Researchers have utilized the FLO-2D model to evaluate the dynam-
ics of debris flows in earthquake-affected areas, shedding light on 
the factors influencing the formation and movement of debris flows 
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(Zou et al. 2016; Chang et al. 2020; Tang et al. 2022). It is important 
to note that the accuracy of this debris flow model heavily relies 
on both the choice of basal friction model and parameter values, 
necessitating calibration through on-site investigations, particu-
larly when dealing with extreme debris flow scenarios (Chen et al. 
2019). Furthermore, the incorporation of an appropriate hydro-
logical model for calculating peak discharge and runoff dynamics 
in debris flows is pivotal for ensuring the reliability of predictive 
outcomes (Zhang et al. 2015).

Vulnerability assessment constitutes a complex facet of debris 
flow risk assessment (Fuchs et al. 2007; Jaiswal and van Westen 
2013), as it includes physical, social, economic, environmental, and 
even systemic dimensions (Ciurean et al. 2017). The determination 
of physical debris flow vulnerability is intricately tied to both the 
intensity of the debris flow and the damage level of the specific type 
of elements at risk. Over time, the methods employed for assessing 
debris flow vulnerability have evolved from qualitative approaches 
to more quantitative ones (Li et al. 2010; Peduto et al. 2017). How-
ever, quantitative vulnerability assessment encounters inherent 
uncertainties. For instance, gauging the vulnerability of buildings 
remains particularly uncertain due to the lack of an extensive dam-
age database for structures affected by debris flows, the diverse 
characteristics of debris flows, and the specific attributes of each 
building (such as the number of floors, structural openings, and 
shielding from other objects). The vulnerability of individuals 
inside buildings hinges on the degree of damage sustained by the 
structure and the number of floors involved, while the vulnerability 
of individuals outside buildings is dependent on factors like warn-
ing time and available escape routes. Notably, the primary focus of 
vulnerability assessment often centers on buildings, as they play 
a pivotal role in determining the direct damage and are closely 
intertwined with population vulnerability.

The construction of a physical vulnerability curve, utilizing sta-
tistical methods, has proven to be an effective approach in quantita-
tive vulnerability assessments. It establishes a link between debris 
flow intensity and the damage level of elements at risk. While it 
is true that in regions with established monitoring sites, such as 
Switzerland, France, and Austria (Mcardell 2016; Belli et al. 2022), 
valuable data on debris flow parameters and intensities are regu-
larly collected; there are few instances where monitoring of the 
impact of debris flows on buildings has been possible (Jakob et al. 
2012). In most areas, debris flow data may be limited due to vari-
ous factors, including the infrequency of significant debris flow 
events. Therefore, the utilization of dynamic numerical models has 
become increasingly significant. These models, as highlighted by 
Zhang et al. (2018) and Horton et al. (2019), provide a valuable tool 
for reconstructing the debris flow process and establishing hazard 
intensity. These dynamic numerical models play a crucial role in 
bridging data gaps and enhancing our ability to assess and miti-
gate debris flow hazards. The selection of indicators to quantify the 
impact of debris flows plays a pivotal role in constructing vulner-
ability curves. Several methods have been proposed to assess how 
debris flows impact elements at risk, through calculated indicators 
derived from dynamic processes like flow depth and velocity or 
through the weighing of qualitative indicators related to building 
openings, exposition, protection by other buildings, etc. (Cui et al. 
2011; Papathoma-Köhle et al. 2012; Quan Luna et al. 2013; Kang and 
Kim 2016). Tang et al. (1993) and Fangqiang et al. (2006) introduced 

the use of maximum flow depth and maximum flow velocity, 
respectively, as intensity indicators. Hu and Ding (2012) recom-
mended employing maximum momentum, a kinetic energy factor, 
to more directly represent the impact force. Jakob et al. (2012) and 
Ouyang et al. (2019) proposed a two-factor classification method, 
which combines maximum depth and maximum momentum, as 
a more effective approach for reflecting the destruction caused 
by debris flows (Jakob et al. 2012; Ouyang et al. 2019). However, in 
contrast to these indicators, impact pressure stands out as a more 
comprehensive measure, expressing the damage potential of debris 
flows to buildings by considering both static and dynamic aspects 
(Quan Luna et al. 2011; Kang and Kim 2016).

Among the many areas susceptible to debris flow risk, the 
southeastern coast of China, in particular, faces a heightened risk 
of debris flows, largely due to the heavy rainfall associated with 
typhoons (Zhao et al. 2018; Zhang et al. 2021). On August 10, 2019, 
Super Typhoon Lekima unleashed an exceptionally concentrated 
precipitation extreme in the northern part of Zhejiang Province, 
triggering numerous debris flows that resulted in significant loss 
of life and extensive property damage (Nie et al. 2021; Zhou et al. 
2022; Liang et al. 2022).

In this study, we employed a numerical modeling approach 
to reconstruct the catastrophic debris flows triggered by Super 
Typhoon Lekima, which struck Daoshi Town, in Zhejiang Province, 
on August 10, 2019. Furthermore, we aimed to predict the potential 
risks associated with varying recurrence periods. Our methodol-
ogy entailed an exhaustive site investigation, incorporating field 
measurements and UAV-based remote sensing, to acquire the nec-
essary digital elevation model (DEM) and digital orthophoto model 
(DOM) data for the debris flow event. Subsequently, we conducted 
a comprehensive numerical calculation, integrating the hydrologic 
model (SCS-CN) and the FLO-2D model, to accurately reconstruct 
the debris flow dynamics during the typhoon event. Additionally, 
we developed a series of vulnerability curves tailored to both rein-
forced concrete (RC) frame and non-RC frame buildings, employ-
ing flow depth and impact pressure as intensity indicators. Finally, 
by considering factors such as debris flow intensity, building vul-
nerability, and the economic value of structures, we predicted the 
vulnerability and risk values for buildings across varying rainfall 
recurrence periods. The quantitative risk assessment approach 
introduced in this paper has the potential to offer valuable guid-
ance for mitigating the risks associated with debris flows.

Study area
The Wangzhuangwu (WZW) watershed (coordinates: 118° 56′ 14″ E, 
30° 13′ 42″ N) is situated in the southeastern part of Daoshi Town 
in Zhejiang Province, China (refer to Fig. 1). This watershed cov-
ers an area of 1.55 km2 with elevation ranging from 606 to 1178 
m above sea level, with a gentle slope of approximately 15° from 
southeast to northwest. The study area has four primary gullies 
(G1–G4), which converge roughly 50-m upstream from the impact 
zone, WZW village (as shown in Fig. 1d). WZW village is home to a 
population of 1202 residents who rely on farming as their primary 
source of income. The Houxi River flows through the downstream 
alluvial plain of this village. Geologically, the area predominantly 
consists of Cambrian argillaceous limestone. Overlying the imper-
vious bedrock are Quaternary sediments with diverse origins. The 
residual soil layer is relatively thin, with thicknesses ranging from 
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approximately 0.2 to 3.7 m, making it susceptible to failure during 
periods of intense rainfall (Jishun 1991).

On August 10, 2019, the super Typhoon Lekima lingered over 
the study area for approximately 20 h, resulting in an extreme pre-
cipitation of more than 300 mm. The event triggered the occur-
rence of 81 debris flows and 251 shallow landslides in Daoshi Town, 
as indicated in Fig. 1c. Among these events, the WZW village was 
impacted by a debris flow and 109 houses and 1.3 km of roads suf-
fered varying degrees of damage, resulting in a direct loss estimated 
at $0.58 million (Liu et al. 2020).

The study area is in a subtropical monsoon climate zone with 
four distinct seasons and a high average annual rainfall of 1650.4 
mm, based on the analysis of historical rainfall records for the last 
10 years (2010–2019) (Fig. 2a). There are on average 186 days of 
rainfall per year, and most precipitation concentrates between 
March and September. The rainstorms associated with monsoon 
troughs, occurring from April to early July, are widespread and 

have a relatively low intensity, while typhoon-related rainstorms, 
which occur from mid-July to September, are very intensive and last 
for a short time (Wu et al. 2014). In the case of Typhoon Lekima, 
the rainstorm started at 13:00 CST on 9 August and lasted until 11 
August, according to the records of rain gauge K1046 (Fig. 1b). The 
accumulated rainfall reached 300.5 mm with the daily precipitation 
of 249.9 mm on 10 August (Fig. 2b).

Methodology
The methodological procedure of this study is divided into three 
distinct steps (Fig. 3). In the initial step, we conducted fieldwork and 
utilized aerial imaging to investigate various aspects of the 2019 
WZW debris flow, including its morphology, material source, for-
mation mechanism, debris fan grain-size distribution, and building 
features and damage assessment. Building upon this foundation, 
we reconstructed the runout process and employed a numerical 
model to calculate intensity parameters, such as flow depth and flow 

Fig. 1   Location, regional setting, hazard distribution, and three-dimensional (3D) digital orthophoto of the WZW watershed: a, b location 
of Daoshi Town cadastre; c regional setting and hazard distribution in Daoshi Town during Typhoon Lekima; d 3D digital orthophoto of the 
WZW watershed generated by UAV, featuring four main gullies (G1–G4), three monitoring points (P1–P3), catchment area and residential 
areas of WZW village area
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velocity. In the second step, we developed vulnerability curves and 
functions for buildings with different structures, using the inten-
sity indicators derived from the reconstructed debris flow data 

and building damage information. Subsequently, we computed the 
vulnerability for buildings in potential future scenarios based on 
calibrated rheological parameters and the vulnerability functions. 

Fig. 2   Precipitation distribution characteristics in the study area: a monthly precipitation distribution (2010–2019); b hourly and accumula-
tive rainfall during Typhoon Lekima (August 2019)

Fig. 3   Methodological framework for this study
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Finally, in the third step, we predicted debris flow risk under vari-
ous recurrence intervals, utilizing the outcomes from the first and 
second steps. This methodology enables a detailed analysis of the 
potential impact of future debris flow events on buildings within 
the area, thereby contributing valuable insights for disaster man-
agement and mitigation strategies.

Field investigation

The field investigation in this study comprised two key components:

1.	 Acquiring field measurements and topographic data. This 
involved conducting a photogrammetric survey using 
unmanned aerial vehicles (UAVs) to acquire topographic infor-
mation about the study area (as shown in Fig. 4a). Specifically, 
DJI Phantom 4 RTK and Mavic Pro drones were deployed at 
an altitude of 100 m above the ground, capturing photographs 
with an 80% lateral and transversal overlap (see Fig. 4a). These 
aerial images were subsequently processed using Context Cap-
ture (Antunes et al. 2011) to generate a 3D digital orthophoto 
(as illustrated in Fig. 1d) and a 2m × 2m digital elevation model 
(DEM) of the study area. The 3D digital orthophoto facilitated 
the identification of geomorphic features within the WZW 
watershed and enabled the characterization of damaged build-
ings. The high-precision DEM served as the base data for sub-
sequent hydrological and runout analyses.

2.	 Conducting a survey of the WZW debris flow, which included 
sampling evidence to analyze key features such as flow depth, 
velocity, and sediment size (Fig. 4b–d). We meticulously doc-
umented the impact on vegetation, flood markers along the 
debris flow path, and building assessments. Detailed informa-
tion regarding the buildings was collected from the housing 

construction department of the local government and stored 
in a database, encompassing attributes such as building use, 
structural type, number of floors, and the impact from the 
debris flow to the structure and the building contents. We 
recorded specific damage characteristics for buildings that 
suffered varying degrees of damage, including the extent of 
damage, impact azimuth angle, and the height of affected por-
tions. In total, our disaster database contains information on 
211 buildings, with 109 of them being affected by the 2019 WZW 
debris flow.

The particle size distribution of the debris flow was assessed 
at two specific locations, denoted as S1 and S2, using the sieving 
method (refer to Fig. 6d). This data serves as a crucial foundation 
for determining the debris flow density ( � ), a key parameter of 
computing the impact pressure of the debris flow (P), according to 
the following equation (Yu et al. 2013):

where ρ represents the average density of the 2019 WZW debris flow 
(g/cm3), �

V
 is the minimum density of a viscous debris flow (2.0 g/

cm3), �
0
 is the minimum density of a debris flow (1.5 g/cm3), P2 is 

the percentage of coarse particles with the diameter more than 2 
mm, and P0.05 is the percentage of fine particles with the diameter 
less than 0.05 mm.

Dynamic simulation of the debris flow

During the dynamic simulation process, we opted to utilize a 
hydrograph as the input for the FLO-2D model, bypassing the 
examination of various debris flow initiation mechanisms. The 
dynamic simulation of the debris flow can be partitioned into 

(1)� = �
0
+ �

V
P
2
(P

0.05
)0.35

Fig. 4   Fieldwork techniques and sampling evidence from the 2019 WZW debris flow event: a photogrammetric survey using UAV, b impact 
scar of trees in the movement path, c impact scar of buildings, d a fence damaged by the debris flow
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two distinct phases. The first stage involves simulating regional 
rainfall patterns to generate a discharge hydrograph, allowing us 
to evaluate the influence of rainfall intensity on the flow dynam-
ics. The subsequent phase encompasses the simulation of the 
debris flow itself, incorporating the results of both the rainfall 
and entrained material models. During this process, we employed 
a series of calibration methods to refine our model results and 
select appropriate parameters.

Hydrological analysis
We employed the HEC-HMS software to compute the rainfall-run-
off process for the WZW debris flow. HEC-HMS is a widely rec-
ognized hydrological modeling tool built upon the principles of 
semi-distributed modeling (USACE-HEC 2010). Within HEC-HMS, 
the Soil Conservation Service-Curve Number (SCS-CN) model, 
considered one of the most widely accepted hydrologic methods, is 
utilized to estimate runoff while accounting for the indirect impacts 
of human activities (Laouacheria and Mansouri 2015). The calcula-
tion of direct runoff Q (mm) is based on Eq. [2]:

where P (mm) represents precipitation, while S (mm) represents 
the potential maximum infiltration, a parameter influenced by soil 
texture, land use, and antecedent moisture conditions (AMCs). The 
potential maximum infiltration, denoted as S, is calculated using 
Eq. [3]:

The curve number (CN) serves as an index that encapsulates the 
amalgamation of hydrologic soil groups, land treatment classes, 
and prior moisture conditions. It can be ascertained by consulting 
the standardized table provided by SCS-USA and identifying the 
corresponding soil description.

The precipitation (in millimeters) for various rainfall recurrence 
periods was determined using the Gumbel distribution (Matti et al. 
2016). We calculated the daily rainfall intensities for different recur-
rence periods of 20, 50, and 100 years, based on historical rainfall 
data collected from rain gauge K1046 spanning the years 1971 to 
2018. To further analyze the hydrograph characteristics of the catch-
ment area, we utilized the SCS-CN hydrologic method within the 
HEC-HMS software, with precipitation data as input.

Runout analysis
The FLO-2D model, a two-dimensional debris flow evolution model, 
was employed to simulate the runout process and quantify key met-
rics of the WZW debris flow. The simulation is executed through 
the numerical integration of motion equations and fluid volume 
conservation (O’Brien et al. 1993). FLO-2D utilizes a Eulalia formu-
lation alongside a finite difference numerical scheme, requiring an 
input hydrograph as a boundary condition.

The model employs a quadratic rheological model that incorpo-
rates the Bingham shear stress as a function of sediment concen-
tration (Cv). Additionally, the FLO-2D model takes into account a 

(2)Q =

{

(P − 0.2S)2

(P + 0.8S)

0

P ≥ 0.2S

P < 0.2S

(3)S =
25, 400

CN
− 254

combination of turbulent and dispersive stress components, which 
are contingent on a modified Manning n value (Eq. [4]):

where Sf represents the total friction slope, �y  stands for the yield 
stress (Pa), �m denotes the specific gravity of the fluid matrix, h sig-
nifies the flow depth (m), K represents the laminar flow resistance, 
η denotes the dynamic viscosity (Pa·s), v indicates the flow velocity 
(m/s), and ntd is an empirically modified Manning n value of the 
mixture. The expressions for n, � , and �y are as follows:

Cv, denoting volume concentration, signifies the discharge rela-
tionship between water flow and debris flow, with α1, α2, β1, and β2 
representing empirical coefficients.

In our study, the SCS-CN model hydrological analysis was uti-
lized to determine the surface runoff discharge, which serves as 
a crucial boundary condition for the FLO-2D model. This model, 
in turn, simulates various aspects of the debris flow, including 
dynamics and key parameters such as flow depth (h) and flow 
velocity (v).

Model calibration
A series of rheological parameters needed to be precisely defined 
in the FLO-2D software simulation process. These parameters 
encompass Manning’s roughness coefficient (n), the flow resist-
ance parameter (K), sediment concentration (Cv), and the empiri-
cal coefficients ( � and � ). As there are no independent available 
for the model’s friction parameters, we initially established the 
rheological parameters by drawing upon insights from prior 
studies, physical experiments, and field investigations (Liu and 
Lei 2003; Chang et al. 2017). Subsequently, model calibration is 
executed through a systematic process of trial and error, entail-
ing the careful selection and adjustment of the input rheological 
parameters. The overarching objective of this calibration process 
is to fine-tune these parameters until the simulated debris flow 
features align closely with observed data, thereby achieving a high 
level of consistency.

To validate the accuracy of the 2019 WZW debris flow recon-
struction, we employed a methodology that entails superimpos-
ing the impact zone generated by the FLO-2D model onto the real 
impact zone (A) identified during post-event fieldwork (Scheidl 
and Rickenmann 2009). Figure 5 shows the schematic diagram of 
the methodology. We checked the overall accuracy of the recon-
struction using evaluation parameters ( � and � ) calculated via the 
equations provided by Chen et al. (2021):

(4)Sf=
�y

�mh
+

K��

8�mh
2
+

n
td
2�2

h4∕3

(5)n = 0.33C−0.15
v

exp(C−0.15
v

)lnh

(6)� = �
1
e�1Cv

(7)�y = �
2
e�2Cv

(8)� =
SX

Sobserved
−

SY
Sobserved

−
SZ

Sobserved
+

VX

Vobserved
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where SX represents the region of positive accuracy, SY denotes the 
negative accuracy area, SZ signifies the region of missing accuracy, 
and Sobserved corresponds to the actual impact zone. VX stands for 
the correct reconstruction volume, while Vobserved represents the 
actual influence volume. The parameter τ ranges from − 2 to 2. 
To express standard accuracy, we introduced a normalized value, 
denoted as � , which ranges from 0 to 1, representing no overlap and 
perfect overlap, respectively.

In addition to superimposing the reconstructed and actual 
impact zones, we assessed the precision of the 2019 WZW debris 
flow reconstruction by establishing three monitoring points (P1–P3)  
at the locations of observation buildings (refer to Fig. 1d). These 

(9)� =
� + 2

4

points tracked the fluctuation in flow depth during the simulation 
process, enabling us to compare the maximum debris flow depth at 
these monitoring points with the flood marks on the same build-
ings. This approach offers an additional dimension for evaluat-
ing the accuracy of the reconstruction results. Table 1 displays the 
optimized rheological parameters, acquired through the calibration 
process. These parameters were applicable for modeling debris flow 
under varying recurrence periods of rainfall conditions.

Risk assessment

The assessment of debris flow risk in this study followed the con-
ventional risk definition, which combines the probability of a debris 
flow event, the vulnerability of exposed elements, and the quantity 
of exposed elements at risk (Fell et al. 2008; Corominas et al. 2013). 
Specifically, our investigation focused on the risk posed to build-
ings by debris flow, and we quantify this risk using the equation 
proposed by Tang et al. (2022):

where R represents the annual total risk of buildings. P(L) is the 
temporal probability of a debris flow event, and P(T:L) is the spatial 
probability of a debris flow reaching a specific point. P(S∶T) is the 
spatiotemporal probability of an element at a certain point during 
a debris flow event, with a value of 1 for the static buildings located 
in the inundation area. V represents the vulnerability of elements 
at risk under the given intensity, and E denotes the economic value 
of the element at risk.

(10)R = P(L) × P(T∶L) × P(S∶T) × V × E

Fig. 5   Illustration of verification process for reconstructed results (Chen et al. 2021)

Table 1   The rheological parameters for WZW debris flow simulation

Parameters Value

Manning’s roughness coefficient (n) 0.2

Flow resistance parameter (K) 4782

Sediment concentration (Cv) 0.48

Empirical coefficients �1 0.0765

�1 16.9

�2 0.0648

�2 6.2
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Hazard assessment
In this study, we assessed debris flow hazard, which signifies the 
expected intensity for a given recurrence interval. Temporal prob-
ability (P(L)) is inversely related to the recurrence period in our 
analysis, calculated as the reciprocal of the recurrence period. 
Spatial probability (P(T:L)) is determined from the output of the 
numerical simulation, which is equal to 1 for elements located in 
the inundation zone.

Debris flow intensity, as a measure of destructive potential, 
encompasses both siltation and impact capabilities (Wei et al. 
2003). Siltation capability is gauged by the thickness of the debris 
flow, while impact capability is assessed through impact pressure, 
as demonstrated in a previous study (Ouyang et al. 2019). Impact 
pressure (P), a critical factor, comprises both dynamic overpressure 
and hydrostatic pressure components, both of which are influenced 
by peak discharge, velocity, volume, and the grain-size distribution 
of the debris flow (Zanchetta et al. 2004). The calculation of impact 
pressure (P) is based on Eq. [11]:

where � represents the debris flow density (kg/m3), h is the depth 
of the debris flow (m), g is the acceleration due to gravity (m/s2), 
and v is the velocity of the debris flow (m/s). The first term in Eq. 11, 
(1/2)�gh, corresponds to the mean hydrostatic pressure component, 
while the second term, �v2 , represents the dynamic overpressure 
component.

Vulnerability estimation
The concept of vulnerability is subjected to diverse definitions 
among scientists from various backgrounds. In the realm of engi-
neering geology, vulnerability is specifically characterized as the 
“degree of loss” experienced by a given element when exposed to a 
hazardous event, such as a debris flow (Cui et al. 2011). This meas-
urement typically spans a scale from 0 (indicating no loss) to 1 (rep-
resenting total loss). The availability of intensity and damage data 
pertaining to the WZW debris flow rendered it a significant and 
illuminating case study. Moreover, the spectrum of building dam-
age provides a unique opportunity to assess vulnerability through a 
function that establishes a connection between debris flow intensity 
and the resulting extent of damage.

In our approach, we integrated the building damage data 
acquired through field investigations with information derived 
from modeling outputs to compute vulnerability functions. This 

(11)P = (1∕2)�gh + �v2

methodology enables the calculation of vulnerability functions 
using both debris flow accumulation height and impact pressure 
as key parameters.

We conducted a comprehensive analysis of field survey data, 
photographs, and reports to assess building damage. The evaluation 
of damage caused by debris flows employed a damage classification 
system that incorporates four categories: complete, extensive, mod-
erate, and slight damage (refer to Table 2 for details) (Jakob et al. 
2012; Kang and Kim 2016). Within the inundation area, the extent 
of building damage is determined by assessing both structural and 
content damage such as damage to exterior walls, the presence of 
wall cracks, loss of external and internal wall components, internal 
room flooding, and damage to the main building columns. In the 
process of vulnerability assessment, we used the extent of building 
damage to represent the vulnerability value (V) and adopted the 
average value corresponding to damage degree to the building in 
vulnerability curves.

Results

Characteristics and damage of the 2019 WZW debris flow
The channelized debris flow is characterized by its extended travel 
distance, substantial transported material volume, and significant 
destructive potential. The catchment area exhibits steep terrain, 
limited vegetation cover, and loose soil on valley slopes (see Fig. 6). 
This combination leads to frequent soil erosion and shallow land-
slides, especially during periods of intense rainfall. The runoff car-
ries loose soil from the hillslope (as depicted in Fig. 6b) and the 
debris accumulated in the gully (illustrated in Fig. 6c), ultimately 
resulting in the formation of debris flows. Furthermore, the chan-
nels in the catchment area are notably steep and straight, contrib-
uting to the debris flow’s high entrainment capacity (see Fig. 6b).

The accumulation zone of the debris flow was situated at the 
gully exits within a residential area, leading to the deposition of 
mud and sand in the shape of a fan (see Fig. 6d). We determined 
the average density of debris flow ( � ) of 1.587 g/cm3 by analyzing 
the particle size distribution of samples collected from various 
points across the fan, using Eq. 1 as illustrated in Fig. 7. The debris 
flow density can provide support for further calculations of impact 
pressure (P), an aspect of debris flow intensity, according to Eq. 11.

A total of 211 buildings in the Wangzhuangwu village were cat-
egorized according to the structural characteristics and the number 
of floors (as shown in Table 3). In this study, buildings are classified 

Table 2   Damage degrees and definitions for buildings

Damage degree Extent of damage (in % 
of the replacement value)

Damage description

Slight 10 ~ 30 (average 20) Slight non-structural damage, stability not affected, damage to furnishings or fittings

Moderate 30 ~ 60 (average 45) Cracks in the wall, stability unaffected, flooding of the internal rooms and damage to the 
furnishing

Extensive 60 ~ 80 (average 70) Partly destroyed, loss of parts of external and internal walls, evacuation necessary, recon-
struction of destroyed parts

Complete 80 ~ 100 (average 100) Totally destroyed, evacuation necessary, complete reconstruction
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into two main structural types: reinforced-concrete (RC) frame 
and non-concrete (non-RC) frame, which encompassed buildings 
including masonry and wooden frame structures. Most buildings 
in the area have one or three floors. During the 2019 WZW debris 
flow event, 109 out of the 211 village buildings were impacted to 
varying degrees (as detailed in Table 3). These damaged buildings 
were further classified into four categories using the criteria out-
lined in the “Vulnerability estimation” section (refer to Table 4). It is 
important to note that our analysis encompasses both structural and 
content damage. This approach allows us to capture the full extent 
of damage, as there may be cases where a 1-m debris flow does not 
cause structural damage but results in significant content damage. 
Figure 8 provides visual examples of buildings falling into different 
damage categories.

Reconstruction of the 2019 WZW debris flow

Figure 9 illustrates the daily rainfall intensity and flow hydro-
graphs of the G1 gully across various recurrence periods. The 
intensities were determined to be 245.51 mm/day for the 20-year 

recurrence, 293.16 mm/day for the 50-year recurrence, and 328.87 
mm/day for the 100-year recurrence. Notably, the rainfall intensity 
for the 20-year recurrence closely resembled that observed during 
Typhoon Lekima, allowing us to consider the simulation results of 
debris flow during Typhoon Lekima as representative of the condi-
tions under a 20-year recurrence period. Figure 9b showcases the 
sample hydrographs for the G1 gully.

The runout process of the 2019 WZW debris flow was recon-
structed through the hydrological and runout analysis. Inflow 
points were strategically positioned at four locations denoted 
as G1 to G4, corresponding to the catchment areas (Fig. 1d). The 
chosen duration (T) for the simulation was set at 1.5 h, mirror-
ing the actual duration observed during the 2019 WZW debris 
flow event.

The optimized simulation results for the 2019 WZW debris 
flow exhibit a remarkable level of concordance with the field 
measurements taken at the debris flow deposit sites. To gauge 
the accuracy, we conducted a comparative analysis between the 
reconstructed impact zone (A) derived from the FLO-2D software 
and the actual impact zone observed during the field investigation 

Fig. 6   Overview of the debris flow: a topography of the catchment area, b loose soil on hillslope, c loose debris in gully, d location of the 
depositional fan, destroyed buildings, and sampling
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period, employing Eqs. 9 and 10 along with the parameters out-
lined in Table 5.

The standard evaluation parameter, denoted as � , which encap-
sulates the overall accuracy of the simulation results, attained 
commendable values of 0.9 and 0.89 for the real impact zones A 
and B, separately. This outcome serves as compelling evidence that 
the optimized simulation aligns closely with the actual 2019 WZW 
debris flow event.

The maximum flow depth at points P1–P3 along the debris flow 
path closely corresponds to the observed height of debris flow 
marks left on buildings during our field investigation. The tempo-
ral evolution of flow depth is illustrated in Fig. 10. Debris sediment 

reached the location of P1 within 0.2 h and P2 within 0.45 h. Subse-
quently, the flow depth curve exhibits a gradual decline after reach-
ing its peak, followed by a period of stability that persists until the 
conclusion of the debris flow event.

The optimized simulation results including the flow velocity and 
the flow depth are shown in Fig. 11. The area affected by the debris 
flow obtained from the simulation result is approximately 1.86 × 105 
m2. Our findings revealed that most of this affected region exhibited 
flow depths below 2 m, with 53.96% of the inundated area recording 
depths of less than 1 m. Approximately 46% of the area displayed 
flow depths ranging from 1 to 2 m, while only a minimal 0.04% of 
the region exhibited flow depths exceeding 2 m. Notably, the concen-
trated areas with flow depths exceeding 1 m were primarily located at 
the entrance of the village, specifically within the mouth of a gulley.

Fig. 7   Particle gradation of the 2019 WZW debris flow deposits

Table 3   Features and quantitative distribution of buildings

Building 
feature

Building feature 
classes

Building 
counts

Damaged 
building 
counts

Structure Reinforced-concrete 
frame

130 68

Non-concrete frame 81 41

Number of 
floors

1 86 43

2 40 22

3 85 44

Table 4   Damage classification scheme for the buildings

Damage degree Building counts

Non-RC frame RC frame

Slight 16 47

Moderate 14 13

Extensive 4 8

Complete 7 0
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In the inundation area, the flow velocity predominantly 
remains below 2 m/s, with 48.9% and 49.5% of the region exhib-
iting flow velocities of less than 1 m/s and within the range of 
1–2 m/s, respectively. Notably, the upstream and middle sections 
experience higher flow velocities compared to the downstream 
segment, boasting an average flow velocity of 1.85 m/s. The peak 
flow velocity of 2.67 m/s was observed at the confluence of the 
gullies, while the lowest velocity was recorded in the lowermost 
part of the area, near the Houxi River junction.

Construction of vulnerability curves

The assessment of building damage and the results of debris flow 
modeling enable the generation of vulnerability curves for the two 
types of buildings in the village, as illustrated in Table 4.

In this study, we calculated the impact pressure distribution of the 
2019 WZW debris flow based on flow depth and velocity using Eq. 11. 
Figure 12 visually represents the intensity of the debris flow and the 
distribution of building damage resulting from the 2019 WZW debris 
flow event. Notably, buildings experiencing extensive and severe 

damage were predominantly situated in the upstream section of 
the village and concentrated within the middle of the debris flow 
area, where both flow depth and impact pressure were significantly  
higher.

The degree of building damage (refer to Table 4) served as the 
basis for developing vulnerability curves. Figure 13 exhibits two 
empirical vulnerability curves with debris flow depth and impact 
pressure. Separate curves were made for non-RC frame and RC 
frame buildings. Notably, the vulnerability of non-RC frame 
buildings displayed a more pronounced escalation with rising 
flow depth and impact pressure compared to RC frame build-
ings. The level of debris flow intensity needed to cause extensive 
damage to an RC frame building can result in the destruction of 
non-RC frame buildings. This vulnerability gap between non-RC  
frame and RC frame buildings becomes more pronounced as the 
intensity of debris flow increases. Specifically, to reach a vulnera-
bility rating of 1, non-RC frame buildings necessitate a flow depth 
of 2 m and an impact pressure of 25 kPa, while RC frame buildings 
require a flow depth of more than 5 m and an impact pressure of 
more than 50 kPa.

Fig. 8   Buildings affected by the 2019 WZW debris flow across various damage degrees: a slight damage, b moderate damage, c extensive 
damage, d complete damage

Fig. 9   Daily rainfall intensity and flow hydrographs of G1 gully under different recurrence periods: a daily rainfall intensity under Typhoon 
Lichima and three recurrence periods, b flow hydrographs for G1 gully across three recurrence periods
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We utilized an analytical expression to establish the relation-
ship between vulnerability and debris flow intensity. The chosen 
analytical function for this analysis was a sigmoid function, which 
transitions from a value near 0 to a finite value. Table 6 provides 
an overview of the vulnerability functions for both non-reinforced 
concrete (non-RC) frame and reinforced concrete (RC) frame build-
ings, utilizing flow depth and impact pressure as intensity indica-
tors. These vulnerability functions enable the assessment of build-
ing vulnerability indices under varying debris flow intensities  
across different recurrence periods.

Debris flow intensity and building damage prediction

Utilizing the optimized rheological parameters detailed in the 
“Model calibration” section and referring to the flow hydro-
graphs depicted in Fig. 9b, we employed the FLO-2D software 
to predict the movement and deposition patterns of debris 
flows for both 50- and 100-year recurrence periods (refer to 
Fig. 14). The simulation results for debris flow across various 

recurrence periods unveil variations in inundation area, flow 
depth, and flow velocity (see Table 7). It is important to note 
that the growth in the affected area is somewhat constrained by 
the increase in the recurrence period, primarily due to debris 
flow discharge into the river. Concurrently, the flow depth 
experiences a corresponding uptick with longer recurrence 
periods, with the maximum flow depth under a 100-year recur-
rence period surpassing that under a 20-year recurrence by 
25%. Similarly, the maximum flow velocity increases by 32.6% 
under the 100-year recurrence period compared to the 20-year 
recurrence period.

The vulnerability of buildings for 50- and 100-year recurrence 
periods was assessed by employing the vulnerability functions 
found in Table 6, based on predicted flow depth and impact pres-
sure (refer to Fig. 14 and Table 7). Five building damage degrees 
across various recurrence periods have been identified, ranging 
from complete and extensive to moderate, slight, and non-damage. 
These categories are determined through a combination of vul-
nerability values and a damage classification system (see Table 2). 

Table 5   Calibration parameters and results of numerical simulation accuracy

Parameter Unit/103m2 Unit/104m3 τ ∂

SX SY SZ Sobserved VX Vobserved

Real impact zone A 15.66 2.35 1.53 18.02 1.46 1.53 1.61 0.90

B 12.00 2.50 0.46 14.68 1.03 1.11 1.54 0.89

Fig. 10   Flow depth evolution process over time at the point of P1 ~ P3 in the debris flow path
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Fig. 11   Reconstruction results of the WZW debris flow using FLO-2D model: a maximum flow depth map and b maximum flow velocity map

Fig. 12   Intensity of the 2019 debris flow based on FLO-2D model and building damage degrees: a flow depth distribution, b impact pressure 
distribution
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Notably, the vulnerability function based on impact pressure as the 
intensity indicator is more conservative compared to the one utiliz-
ing flow depth, as it highlights the potential for heightened damage 
levels in some buildings within the WZW Village.

Quantitative risk assessment

The quantitative vulnerability analysis enables the precise assess-
ment of risks, especially in terms of direct monetary losses to build-
ings under varying recurrence periods. In accordance with Eq. 10, 
we assigned probabilities of debris flow occurrences (P(L)) as 0.02 
for a 50-year recurrence period and 0.01 for a 100-year recurrence 
period. Both the probability of a debris flow reaching a specific 
point (P(T:L)) and the temporal-spatial probability of elements 
(P(S:T)) were set at 1. The vulnerability of each building (V) was 
determined based on the vulnerability values (as shown in Fig. 14). 
The monetary value of the buildings (E) was computed by multiply-
ing the unit price per square meter by the total floor area of each 
building. Utilizing the compensation standards for buildings with 
various structures for immigrants in Southeast China (Wei et al. 
2021), the unit prices for buildings with RC frame structures and 
non-RC frame structures, used in this study, were $236 and $137/m2,  
respectively. Table 8 displays the count of buildings within differ-
ent annual risk categories, considering debris flow events with 50- 
and 100-year recurrence periods using two distinct vulnerability 
functions. The results indicate that the annual risk for buildings is 
significantly impacted by the specific choice of a vulnerability func-
tion, with risk reaching approximately $1379/year when utilizing  
flow depth vulnerability calculations and $1701/year when using 
impact pressure assessments.

The annual economic risk and expected loss for all buildings in 
WZW village were computed based on the specific risk assessments 
for each building, as detailed in Table 8. Taking into account two dif-
ferent vulnerability functions and considering recurrence periods 
of 50 and 100 years, the village faces a direct annual economic loss 
ranging from $2.53 to $5.32 × 104. The expected loss is estimated at 
$2.16 to $2.66 × 106 for debris flow events with a 50-year recurrence 
period and $2.53 to $2.80 × 106 for those with a 100-year recurrence 
period. These figures provide a robust foundation for local authori-
ties to devise effective risk management strategies aimed at mini-
mizing both human and economic losses.

Discussion
In the simulation of debris flows, the factors requiring attention 
may vary depending on the specific type of debris flow (Kim et al. 
2018; Zhang et al. 2018). For debris flows occurring on slopes, a 
critical focus lies in identifying the distribution and stability of 
landslides (Hürlimann et al. 2022; Guo et al. 2022; Wang et al. 2023). 
The selection of drainage points and the determination of flow 
hydrographs, as undertaken in this study, are particularly pertinent 
for channelized debris flows where rainfall-runoff processes domi-
nate. The utilization of numerical simulation in this study proves 
to be an effective method for characterizing debris flows, owing 
to its precision and its relatively low requirement for parameters 
(Tang et al. 2011; Chen et al. 2012; Zou et al. 2016). Given that sud-
den debris flows often lack continuous monitoring data, various 
methods have been developed to predict flow hydrographs (Chen 
et al. 2016; Chang et al. 2017; Wei et al. 2018). In our analysis, we 
opted for a hydrological model, specifically the SCS-CN method, 
for the watershed assessment. This model allowed us to conduct 

Fig. 13   Debris flow vulnerability curves: a as a function of flow depth, b as a function of impact pressure

Table 6   Vulnerability functions for building with various structures

Intensity parameter Vulnerability function

Non-RC frame RC frame

Flow depth (d (m)) V = 1 − e(−0.53×d
3.26) V = 1 − e(−0.40×d

1.27)

Impact pressure (p (kPa)) V = 1 − e(−0.49×(0.1×p)
2.65) V = 1 − e(−0.36×(0.1×p)

1.28)
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a comprehensive watershed analysis, generating the basin unit 
and identifying the drainage points. Subsequently, the flow hydro-
graphs were determined based on actual rainfall data and a digital 
elevation model (see Fig. 9b). The SCS-CN method presents the 
advantage of incorporating real terrain data and demonstrates high 
efficiency, distinguishing it from empirical formulae used in some 
prior studies (Zhang et al. 2015; Wei et al. 2018).

In our study, we utilized the FLO-2D model for simulating debris 
flow kinetics. This model enables us to characterize the extent and 
volume of debris flows, facilitating risk analysis in the study area. The 

accuracy of the model’s results depends not only on the quality of the 
input data but also on the rationality of the rheological parameters, 
as highlighted in previous studies (Ouyang et al. 2019; Chen et al. 
2021). To ensure the reliability of our input data, we employed a high-
resolution digital elevation model (DEM) with a spatial resolution 
of 4 m2, acquired through a photogrammetric survey using UAVs. 
The DEM data boasts a vertical accuracy of ± 5 cm, providing pre-
cise elevation representation on the Earth’s surface. Additionally, its 
horizontal accuracy falls within a range of ± 3 cm, ensuring accurate 
geographic positioning. This data was collected within a month of 

Fig. 14   Predicted results of the WZW debris flow and building damage under 50- and 100-year recurrence periods: a, b flow depth maps and 
corresponding building damage; c, d impact pressure maps and corresponding building damage

Table 7   Characteristics of the predicted results and building counts under various damage degrees

Recurrence period-
intensity indicator

Debris flow 
area (105 m2)

Max depth (m) Max velocity 
(m/s)

Building counts under various damage degrees

Complete Extensive Moderate Slight Non

50Y-d 1.92 2.59 3.42 24 11 57 30 89

50Y-p 33 22 54 14 88

100Y-d 1.95 2.85 3.54 34 23 36 17 101

100Y-p 52 17 24 28 90
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the debris flow event in October 2019 and has been validated by the 
local surveying and mapping department, attesting to its reliability 
for our study. It is important to note that the DEM represents the 
post-debris flow situation, and as such, the topography may have 
been altered compared to the pre-event conditions.

One of the primary challenges associated with debris flow sim-
ulation models pertains to their parametrization. Our approach 
involved an initial determination of rheological parameters, 
achieved through the synthesis of debris flow characteristics 
obtained from field investigations and the recommended values 
outlined in the FLO-2D manual. Subsequently, we employed a 
series of calibration procedures to optimize parameter selection. 
On one hand, we assessed the overall accuracy of the simulated 
results by comparing the reconstructed and observed impact 
zones. We also iteratively fine-tuned input rheological param-
eters through trial-and-error methods, offering an approach that 
boasts superior accuracy and comprehensiveness when compared 
to other studies (Chen et al. 2021). Additionally, we strategically 
positioned monitoring points at locations where mud marks 
were observed on buildings during field investigations. This ena-
bled us to compare the predicted maximum depth and height of 
these marks, allowing us to verify the effectiveness of our runout 

models. However, it is important to acknowledge certain limita-
tions within the calibration process. Specifically, our simulation 
validation focused on inundation zone and flow depth but did not  
account for flow velocity due to a lack of validated velocity data 
during the debris flow events. Furthermore, we omitted the veri-
fication of the shape of the hydrograph, despite its extensive use 
in prior research (Zhang et al. 2015; Wei et al. 2018). This omis-
sion highlights a potential direction for future research. Another 
pertinent concern is that the calibrated model’s applicability to 
future debris flows remains uncertain, and as of now, it cannot be 
adequately evaluated.

The vulnerability curves established in this study provided a 
quantitative means to assess the vulnerability of buildings to poten-
tial debris flows. To validate these curves, they have been compared 
with related findings from prior studies (Barbolini et al. 2004; Quan 
Luna et al. 2011; Kang and Kim 2016). In Fig. 15, a comparison of 
vulnerability curves for non-reinforced concrete (RC) frame build-
ings is presented, with flow depth and impact pressure serving as 
the intensity indicators. Barbolini et al. (2004) initially introduced 
a linear vulnerability curve solely based on impact pressure, using 
data from avalanches in West Tyrol, Austria. Quan Luna et al. (2011) 
proposed two vulnerability curves, incorporating flow depth and 

Table 8   Distribution of building counts at various annual monetary loss levels and overall risk for WZW village over 50- and 100-year recur-
rence periods

Recurrence period-
intensity indicator

P(L) P(T:L) P(S:T) V E ($/m2) Building counts at various 
monetary loss levels ($/year)

Overall risk of WZW 
village

 < 100 100–1000  > 1000 R ($104/year) Expected 
loss 
($106)

50Y-d 0.02 1 1 0–1 236/137 111 93 8 4.31 2.16

50Y-p 107 94 11 5.32 2.66

100Y-d 0.01 136 75 1 2.53 2.53

100Y-p 133 78 1 2.80 2.80

Fig. 15   Comparison of the vulnerability curve calculated in this study and proposed by Kang and Kim (2016), Quan Luna et al. (2011), and 
Barbolini et al. (2004) this research
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impact pressure as intensity indicators, through a combination 
of numerical simulations and loss reports from Valtellina Valley, 
Northern Italy. Meanwhile, Kang and Kim (2016) derived vulner-
ability curves using an empirical formula and damage data from 11 
debris flow events. These four types of vulnerability curves exhibit 
similar trends and ranges. In the case of flow depth vulnerability 
curves (Fig. 15a), our study’s curve falls between those established 
by Kang and Kim (2016) and Quan Luna et al. (2011). In contrast, for 
impact pressure vulnerability curves (Fig. 15b), our curve appears 
above the others. The vulnerability curves developed in our study 
provide a more precise representation of building vulnerability 
within our study area. The variations observed when compared to 
other curves may be attributed to regional and national differences, 
including variations in building codes and construction practices.

Our study underscores the importance of acknowledging and 
addressing the inherent uncertainty when utilizing vulnerability 
functions for quantitative risk assessment. This uncertainty is 
influenced by various factors, including the temporal probability 
of trigger rainfall; calibration parameters affecting depth, extent, 
and impact pressure; uncertainties in vulnerability assessments; 
and variations in the monetary value associated with different 
types of buildings. The vulnerability curves presented in our study 
represent a valuable addition to the existing repertoire of vulner-
ability curves tailored for different types of structures. These 
curves exhibit promising applicability not only to the specific 
study areas under investigation but also to other regions in China 
facing similar debris flow hazards and urban settings. Moreover, 

the methodology developed in this study offers a practical and 
efficient approach for rapidly constructing vulnerability curves for 
various building types within other specific study areas, thereby 
contributing to enhanced risk assessment and mitigation strate-
gies in the field of debris flow management.

To facilitate a direct comparison between the estimated vulner-
ability values derived from two distinct vulnerability functions for 
the same recurrence period, Fig. 16 presents a scatterplot showcas-
ing vulnerability values for all buildings affected by debris flows 
within the study area. The fitted curves closely approximate straight 
lines spanning from 0 to 1, with a remarkable consistency demon-
strated by their nearly identical slopes of only 1.08. This observa-
tion highlights the degree of agreement between the results gener-
ated by the two vulnerability functions. Notably, the vulnerability 
function utilizing impact pressure as an indicator tends to yield 
slightly higher estimates than the function based on flow depth as 
the indicator. This difference is further elucidated in Table 7, where 
it is evident that the percentage of buildings categorized as having 
extensive and extreme vulnerability is higher in the former case. 
Comparing these findings to relevant studies employing alterna-
tive indicators, such as the product of flow depth and flow veloc-
ity (Tang et al. 1993), or the product of flow velocity squared and 
flow depth (Chen et al. 2021), it becomes apparent that the use of 
impact pressure holds a distinct advantage. Impact pressure offers 
a more intuitive physical interpretation, representing the damage 
potential of debris flows with respect to both hydrostatic pressure 
and dynamic overpressure. This characteristic makes it a valuable 

Fig. 16   Scatter plot of the vulnerability estimates for 50- and 100-year recurrence periods on flow depth and impact pressure curves
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choice for disaster risk assessment, and it has found widespread 
application in other contexts, including avalanche risk assessment 
(Barbolini et al. 2004; Quan Luna et al. 2011).

The approach employed in this study serves as a valuable 
complement to qualitative and semi-quantitative risk assessment 
methodologies, which may encompass a wider array of factors but 
often carry a subjective element. Nevertheless, certain limitations 
were identified during the research process. Firstly, in the modeling 
phase, a constant volume concentration (Cv) was utilized to repre-
sent debris flow sediment entrainment capacity, overlooking vari-
ations in topography and sediment volume. Secondly, due to a lack 
of comprehensive research on debris flow triggering mechanisms, 
the recurrence period of rainfall was employed as a proxy for the 
recurrence period of debris flow events. Thirdly, the constructed 
vulnerability curves solely accounted for building structures, 
omitting factors like building materials and the number of floors, 
which also influence a building’s resistance to debris flows. Lastly, 
our risk analysis primarily focused on the economic risk to build-
ings, neglecting the vital aspects of population and environmental 
risk, both of which constitute integral components of overall risk. 
Addressing these factors in future research endeavors is essential 
for enhancing the thoroughness of risk assessment. These limita-
tions underscore the imperative for further research to advance our 
comprehension and management of geohazard risks in urban areas.

Conclusion
In this study, we aimed to advance the quantification of debris 
flow risk, with a focus on assisting local managers in effective risk 
management. The 2019 WZW debris flow, determined to be a chan-
nelized flow induced by heavy rainfall and surface water runoff, 
was comprehensively analyzed through field investigations, remote 
sensing, and laboratory analysis. We identified that shallow land-
slides and soil erosion played pivotal roles in the accumulation of 
loose gravel and soil within the gully, creating favorable material 
conditions for debris flow initiation. Additionally, the significant 
vertical ratio of the channel and the confluence effect of the catch-
ment area provided the hydraulic and driving conditions necessary 
for debris flow formation. Notably, the typhoon-induced rainstorm 
with a daily intensity of 249.9 mm, surpassing the critical threshold 
for debris flow occurrence, underscored the significance of accurate 
risk assessment in such scenarios.

Our study applies a methodology for quantifying debris flow 
risk in urban areas, illustrated through a case study of the WZW 
gully. We reconstructed the features of the 2019 WZW debris flow 
employing the SCS-CN and FLO-2D models. Multiple calibration 
processes demonstrated the consistency of our reconstruction 
results, including inundation zones and flow depths, with observed 
data. The accuracy evaluation parameter, � , reached 0.9, indicating 
a strong alignment between the modeled and actual situations.

Furthermore, we developed distinct physical vulnerability 
curves for RC frame and non-RC frame buildings based on dam-
age assessments from field investigations and modeled debris 
flow intensities (flow depth and impact pressure). These curves 
offer essential insights into the probability of damage distribution 
for different debris flow intensities in similar built environments. 

Importantly, our method can be readily applied to construct vul-
nerability curves for various building types in specific study areas, 
enabling efficient risk assessment.

Looking ahead, we predicted potential debris flow intensities 
under 50- and 100-year recurrence periods, factoring in different 
rainfall frequencies, using validated rheological parameters. With 
increasing recurrence periods, the study area’s buildings face a 
growing threat from debris flows of greater intensity.

Additionally, we calculated vulnerability indices for every 
building under these recurrence periods, considering flow depth 
and impact pressure as indicators. These indices revealed that 
an increasing building count would face complete damage with 
longer recurrence periods. Importantly, we considered the uncer-
tainty associated with quantitative risk assessment, with the impact 
pressure vulnerability function yielding more conservative results 
compared to the flow depth vulnerability function.

In conclusion, this study has made significant strides in enhanc-
ing the quantification of debris flow risk, particularly in urban set-
tings. Nevertheless, it is essential to acknowledge the limitations 
of our approach, including the assumption of constant rheological 
parameters and the sensitivity to model inputs. Future research 
should explore the temporal variability of these parameters and 
conduct more extensive validation exercises. Additionally, incorpo-
rating the hydrological component into our modeling framework 
could further improve prediction accuracy. Ultimately, our findings 
provide valuable insights for local managers to develop effective 
risk management strategies and inform land use planning in areas 
susceptible to debris flows.
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