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Abstract. Post-earthquake debris flows can exceed volumes
of 1× 106 m3 and pose significant challenges to downslope
recovery zones. These stochastic hazards form when intense
rain remobilises coseismic landslide material. As communi-
ties recover from earthquakes, they mitigate the effects of
these debris flows through modifications to catchments such
as building check dams and levees. We investigate how dif-
ferent catchment interventions change the exposure and haz-
ard of post-2008 debris flows in three gullies in the Sichuan
Province, China. These were selected based on the number
of post-earthquake check dams – Cutou (two), Chediguan
(two), and Xiaojia (none). Using high-resolution satellite
images, we developed a multitemporal building inventory
from 2005 to 2019, comparing it to the spatial distribution
of previous debris flows and future modelled events. Post-
earthquake urban development in Cutou and Chediguan in-
creased exposure to a major debris flow in 2019, with in-
undation impacting 40 % and 7 % of surveyed structures re-
spectively. We simulated future debris flow runouts using
LAHARZ to investigate the role of check dams in mitigat-
ing three flow volumes – 104 m3 (low), 105 m3 (high), and
106 m3 (extreme). Our simulations show check dams effec-
tively mitigate exposure to low- and high-flow events but
prove ineffective for extreme events, with 59 % of buildings
in Cutou, 22 % in Chediguan, and 33 % in Xiaojia signifi-
cantly affected. We verified our analyses by employing a sta-
tistical exposure model, adapted from a social vulnerability
equation. Cutou’s exposure increased by 64 % in 2019 and
Chediguan’s by 52 %, while Xiaojia’s increased by only 2 %
in 2011, highlighting that extensive grey infrastructure cor-
relates with higher exposure to extreme debris flows but less

so with smaller events. Our work suggests that the presence
of check dams contributes to a perceived reduction in down-
stream exposure. However, this perception can lead to a levee
effect, whereby exposure to larger, less frequent events is ul-
timately increased.

1 Introduction

Major earthquakes, such as the 1994 Mw 6.8 event in
Northridge, California (Harp and Jibson, 1996), and the 1999
Mw 7.3 earthquake in Chi-Chi, Taiwan (Lin et al., 2006),
have triggered chains of hazards that increase the exposure of
local communities to secondary hazards for many years af-
ter the initial disaster. Following the 2008 Mw 7.9 Wenchuan
Earthquake in Sichuan, China, debris flows occurred more
frequently and at a higher magnitude (> 1× 106 m3) after the
earthquake compared to flows before the earthquake (Cruden
and Varnes, 1996; Cui et al., 2008; Huang and Li, 2009; Guo
et al., 2016; Thouret et al., 2020). Increased debris flow fre-
quency impacts vulnerable communities and local infrastruc-
ture, potentially reshaping the demographic and structural
landscape of previously rural regions (Chen et al., 2011).
The frequency of post-seismic flows is heavily influenced by
sediment availability, often controlled by coseismic landslide
distribution, hydrology, and slope (Horton et al., 2019). The
ready transformation and remobilisation of seismically loos-
ened deposits into water-laden sediments lead to a height-
ened probability of debris flow hazards for extended periods,
further exacerbating the potential impacts felt by these areas
(Costa, 1984; Huang and Li, 2014; Fan et al., 2019b).
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Post-seismic debris flows affect the expanding built envi-
ronment and communities located in the flat land that forms
along floodplains and on debris and alluvial fans. In addi-
tion to direct loss of life, debris flows repeatedly block and/or
destroy rivers, roads, tunnels, and bridges; damage property
and agriculture; and result in loss of life (Chen et al., 2011).
Buildings are particularly susceptible to the impacts of debris
flows (Hu et al., 2012; Zeng et al., 2015), with property dam-
age accounting for nearly all impacts, such as casualties and
fatalities (Wei et al., 2018, 2022). Variations in construction
materials are a particularly important factor in determining
structural resilience and vulnerability to debris flows (Zhang
et al., 2018). Despite the focus on building resilience and re-
ducing vulnerability, post-earthquake regions are often areas
of significant rebuilding and expansion of infrastructure, so
the exposure to debris flows changes rapidly in these areas.
The development of critical infrastructure, such as highways
and tunnels, further encourages the growth of the built envi-
ronment and subsequent influx of people settling in areas ex-
posed to geological hazards (Cruden and Varnes, 1996; Jiang
et al., 2016).

Check dams are a common form of risk mitigation for
debris flows globally (Zeng et al., 2009; Peng et al., 2014;
Cucchiaro et al., 2019b) and one that is prevalent in post-
earthquake Wenchuan (Chen et al., 2015; Guo et al., 2016).
Check dams store debris flow sediment, locally reduce chan-
nel slope, and are often permeable, affecting debris flow hy-
drology. However, they have disadvantages, such as requir-
ing regular maintenance (to reduce sediment inputs) (Kean
et al., 2019). The mitigation potential of these structures is
contingent on their position along a channel, their height,
the amount of sediment fill, and their strength (which de-
pends on the materials used for construction) (Dai et al.,
2017). These factors evolve through time, meaning that the
hazard-mitigating factor of check dams can vary with time
and often with unpredictable results. The presence of check
dams changes the downstream risk, primarily by altering the
magnitude and frequency distribution of debris flows within
the channel. For well-made check dams of sufficient vol-
ume to mitigate the largest debris flows, this can reduce
the downstream risk of debris flows to negligible by effec-
tively mitigating the entire hazard. However, in the case of
the Wenchuan region, check dams are rarely large enough or
regularly cleared of sediment to mitigate the largest debris
flows, which can exceed 106 m3 in volume.

The presence of check dams, particularly in drainage
basins with a limited history of catastrophic debris flow
events, may affect the perception of risk downstream. They
serve to stabilise, obstruct, drain, and/or halt the movement
of flows (Hübl and Fiebiger, 2005; Chen et al., 2015). The
perception that check dams mitigate all hazards may pro-
mote the expansion of infrastructure into floodplains and de-
bris fans, potentially increasing exposure to debris flows that
overtop dams or occur due to dam failure. The increase in
exposure is common on floodplains, where the presence of

flood control levees can promote building onto floodplains –
a process known as the levee effect (Collenteur et al., 2015).
In the flooding example, the presence of levees reduces the
frequency of small- and medium-sized floods, but when large
floods occur that cause those levees to fail, heightened flood-
plain exposure can lead to higher damage. The effect of
check dams on risk perception is less well understood. Anec-
dotal examples from the Wenchuan region (e.g. Hongchun,
Taoguan gullies) show that large debris flow events in 2010,
2013, and 2019 caused significant damage despite the pres-
ence of check dams (Dai et al., 2017). However, it is not clear
whether the presence of check dams affected exposure rela-
tive to the large-scale expansion of infrastructure in the post-
earthquake recovery phase.

This study seeks to understand whether the addition of
engineered mitigation measures, primarily check dams, has
influenced the susceptibility of post-earthquake Wenchuan
communities to large debris flows. We compare three catch-
ments with similar topography and geology but different
levels of mitigation. We measure the building exposure in
two neighbouring catchments with check dams (Cutou and
Chediguan) and compare it with a third, unmitigated gully
(Xiaojia). We examine how infrastructure develops in the
basins with time and as a function of check dam measures.
By analysing infrastructure development in these catch-
ments, particularly in Cutou and Chediguan in the years fol-
lowing mitigation, we seek to assess how check dam con-
struction has impacted infrastructure growth and the poten-
tial exposure to debris flow events of different sizes. Addi-
tionally, our analysis explores whether the presence of these
structures has impacted risk perception and/or land use deci-
sions in “at-risk” catchments.

2 Study area: Sichuan Province, China

China’s mountainous regions, including the Longmenshan,
account for 69 % of the country’s land mass, with over a third
of the population living in these regions (Chen et al., 2011;
He et al., 2022). A total of 72 % of this landscape suffers
from debris flow activity. Between 2005 and 2018, estimates
suggest over 800 debris flow occurrences each year (He et al.,
2022; Wei et al., 2021). Following the 2008 Wenchuan Earth-
quake, landslides were widely recorded across both northern
and southern provinces, with debris flows particularly con-
centrated in the steep terrain of southern Sichuan. However,
debris flows and other landslide types have since been doc-
umented across a broad range of regions in China (Liu et
al., 2018). The 2008 Mw 7.9 Wenchuan Earthquake primar-
ily impacted Sichuan Province (Fig. 1). The epicentre was lo-
cated near Yinxiu, Wenchuan County, within the seismically
active Longmenshan fault zone (Li et al., 2018). The shak-
ing triggered around 56 000 landslides and displaced nearly
3 km3 of loose material (Fan et al., 2018; Luo et al., 2020).
In subsequent years, the unstable material has been reacti-

Nat. Hazards Earth Syst. Sci., 25, 2699–2716, 2025 https://doi.org/10.5194/nhess-25-2699-2025



I. Utley et al.: Transformations in exposure to debris flows in post-earthquake Sichuan, China 2701

vated as debris flows, many of which exceed −106 m3 in
mobilised volume (Francis et al., 2022). The risk from these
debris flows has been compounded by increasing exposure
due to China’s rapid rural development programme, which
includes the construction of roads, bridges, and industrial fa-
cilities (Tang et al., 2022).

Four significant episodes of debris flows occurred in the
post-earthquake Wenchuan region in 2008, 2010, 2013, and
2019 (Tang et al., 2022; Fan et al., 2019b). Each event was
associated with monsoon rainfall that occurred in different
parts of the range. The largest flow surges, containing mil-
lions of cubic metres of sediment, were located in the gullies
along the Minjiang in Sichuan. Large-scale flooding further
amplified the impacts, for example in Yingxiu, Wenchuan
County (Liu et al., 2016). Debris flow events occurring post-
earthquake often exhibit larger material volumes compared
to flow events recorded prior to 2008. Horton et al. (2019)
attributed the increase in flow volume to high in-channel
sediment volumes that can drive bulking. The resulting in-
crease in debris flow hazards necessitated engineered mitiga-
tion measures to reduce risk levels in the basin communities
(Tang et al., 2009; Huang et al., 2009, 2012).

In this study we focus on three gullies along the Minjiang
– Cutou, Chediguan, and Xiaojia – and debris flow events
on 20 August 2019 and 4 July 2011 (Fig. 1). Cumulative
rainfall on 20 August 2019 peaked at 83 mm in Cutou and
65 mm in Chediguan, resulting in large debris flows mea-
suring over 50× 104 m3 in each gully. The Cutou gully is
known for its high frequency of post-seismic debris flows,
which has been attributed to the total of 11× 106 m3 coseis-
mic deposits generated by the earthquake (Yan et al., 2014).
Although a check dam was built in 2011 to manage debris
flow impacts in the Chediguan gully, a large damaging de-
bris flow of 64× 104 m3 occurred on 20 August 2019 and de-
stroyed the drainage groove and G213 Taiping Middle Bridge
(Li et al., 2021). The debris briefly blocked river flow in the
Minjiang, causing water levels to rise during flood peak. This
led to flooding at the Taipingyi hydropower station located
200 m upstream.

The Xiaojia gully is a moderate-level debris flow hazard
area based on limited past occurrences and has no exist-
ing engineered mitigation measures. Following a period of
debris flow activity in 2010 and after a period of continu-
ous heavy rainfall, approximately 30 000 m3 of deposits was
remobilised and transported along the channel to the gully
mouth. This event led to a period of disruption on the S303
road from flooding (Liu et al., 2014).

3 Methodology

3.1 Data classification

This study builds on existing multitemporal debris flow
datasets produced by Fan et al. (2019a). Dataset 1 has an

aerial extent of 892 km2 and presents the location and dimen-
sions of debris flow events between 2008 and 2020. Dataset 2
presents a list of mitigative actions, e.g. construction of check
dams, taken between 2008–2011. We used a Shuttle Radar
Topography Mission (SRTM) digital elevation model (DEM)
to construct elevation profiles of the Cutou, Chediguan, and
Xiaojia gullies to extract topographic characteristics in order
to understand the mechanism of slope failure in the event of
a rainfall-induced debris flow. These profiles facilitate mor-
phological valley changes from debris flows to be identified.
Through a comparative analysis of the 20 August 2019 debris
flows in Cutou and Chediguan, we investigated the relative
difference in land use change in the two gullies from 2008 to
2019, with a focus on changes before and after the 2019 flow
event.

Landscape modifications from 2005 to 2019 were mapped
using high-resolution (0.5 to 2.5 m) satellite images (Ta-
ble 1). We selected images with less than 50 % cloud cover
and cross-referenced the mapped features with existing data
sources in OpenStreetMap (OpenStreetMap contributors,
2023) and Dynamic World (Brown et al., 2022). Where satel-
lite imagery was unavailable, we used aerial photos obtained
from Google Earth, OpenStreetMap, and the World Settle-
ment Footprint (World Settlement Footprint, 2019). It should
be acknowledged that platforms like OpenStreetMap offer a
regional view of Wenchuan rather than a detailed local-scale
view, with mapping limited to main roads and 150 settlement
polygons. However, this study’s locations are unaffected by
this due to their position next to the G213 national highway
and G4217 road.

We use imagery collated from the sources listed in Table 1
to map manufactured features – including buildings, facto-
ries, roads, and dams – in order to understand the evolution of
the built environment and subsequent human activities since
2005 across Cutou, Chediguan, and Xiaojia. We map features
corresponding to human activities such as roads and prop-
erties and highlight at-risk zones in Cutou, Chediguan, and
Xiaojia. We focus on spotlighting areas of high debris flow
exposure in Cutou and Chediguan, comparing them with Xi-
aojia to evaluate the efficacy of check dams in mitigating po-
tential debris flow hazards downstream of the dams.

3.2 Modelling future debris flow runout and building
exposure

Both Cutou and Chediguan had check dams installed after
the 2008 earthquake, while the Xiaojia gully remained un-
modified. We compared the impacts of 2019 debris flows in
the Cutou and Chediguan gullies with a 2011 debris flow
event in Xiaojia to identify the effectiveness of artificial dams
in mitigating exposure to post-seismic debris flows. By us-
ing scenario modelling, we identified at which point the size
of the hazard outweighs the mitigative capacity of the check
dam to prevent overtopping. We mapped debris flows of dif-
fering scales within each of our three catchments using LA-
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Figure 1. Location of the three gullies that form the focus of this study within Sichuan Province. Recorded post-2008 landslide occurrences
are from the Fan et al. (2019a) multitemporal datasets (© Google Earth 2019).

HARZ. LAHARZ is a GIS toolkit for lahar hazard map-
ping and modelling, developed by the USGS to calculate
the area of inundation and cross-sections based on empiri-
cal scaling relationships between area and volume (Schilling,
2014; Iverson et al., 1998). These empirical relationships al-
low for the creation of realistic inundation areas without a
priori knowledge of the rheological parameters. The model
simulates a debris flow triggered at a source point located on
a digital elevation model and with an initial source volume.
The model calculates the flow path downslope of the trigger-
ing location and then generates a cross-section at each point
downslope that represents the depositional volume for that
area (Iverson et al., 1998).

We implemented this model using the extension in Ar-
cGIS (Schilling, 2014). We used the 30 m resolution DEM
as input, as it is the most reliable of the globally available

DEMs. We identified the source areas of 2019 debris flows
for Chediguan and Cutou and those of 2011 for Xiaojia
(Cutou: 30.1234° N, 103.5678° E; Chediguan: 29.8765° N,
103.2345° E; Xiaojia: 30.5678° N, 103.9876° E) from satel-
lite imagery and used these as the triggering locations for our
simulations. We then prescribed three input volumes at each
of these locations (104, 105, and 106 m3).

The flow volumes simulate a range of observed post-
2008 debris flows, representing low, high, and extreme debris
flows documented in the Fan et al. (2019a) datasets. The vol-
umes we selected reflect the range of similar hazard events in
comparable geomorphological settings, such as other parts of
China and Italy (Bernard et al., 2019). For catchments with
check dams, we added barriers at each check dam location by
raising the cell count of the DEM by the height of the check
dam obtained from field imagery.

Nat. Hazards Earth Syst. Sci., 25, 2699–2716, 2025 https://doi.org/10.5194/nhess-25-2699-2025



I. Utley et al.: Transformations in exposure to debris flows in post-earthquake Sichuan, China 2703

Table 1. Satellite and aerial imagery used for data analysis and interpretation of the built environment.

Data ID Data source Acquisition date Resolution
(dd.mm.yyyy) (m)

Aerial
satellite

Worldview (in QGIS – “satellite” XYZ tile) 2022 1.0

Satellite Worldview (in Google Earth Pro, 2023) 10.12.2010
26.04.2011
03.04.2018
29.10.2019

1.0

Satellite Planet 14.08.2019
24.08.2019

3.0

Satellite Maxar Technologies (in Google Earth Pro, 2023) 09.09.2005
26.04.2011

3.0

Satellite CNES/Airbus (in Google Earth Pro, 2023) 15.04.2015 1.0

The model was validated by comparing simulated runout
extents with observed debris flows from post-2008 events.
While a 30 m resolution was the only available DEM for our
study locations, we tested the sensitivity of DEM resolution
on the extent of the final flow. A higher 10 m resolution DEM
was available for the Cutou gully, and we ran LAHARZ for
that catchment. While the 10 m DEM created a more effec-
tive flow path compared to the mapped data, the flow depo-
sitional area was similar in both the 10 and the 30 m scenar-
ios (RMSE 18 m). Given the lack of a significant difference
between the two DEM resolutions, we ran 30 m scenarios
across the three catchments. We note that there is currently a
limited understanding of what controls the maximum size of
debris flows within Wenchuan catchments; hence we cannot
attribute a particular probability to each scenario.

In the analysis of post-seismic debris flow, exposure and
vulnerability assessments play a crucial role (Lo et al., 2012).
However, adapting traditional vulnerability methods, which
analyse inherent fragility and the potential loss of elements at
risk, both of which are attainable through remote practises, to
calculate exposure with minimal on-site data, remains a chal-
lenge. We adapted a vulnerability model by Zou et al. (2019)
to quantify the extent of exposure to the built environment at
our three sites, Cutou, Chediguan, and Xiaojia.

Utilising satellite and/or aerial imagery and extracting
spatial characteristics to identify both elements at risk and
hazard-affected zones, our analysis facilitates the assessment
of regional exposure without relying heavily on data col-
lected on site. All analysis steps were conducted within a
GIS environment. Our model quantifies the susceptibility of
the built environment to debris flow damage. The degree of
exposure, Edf, is expressed as

Edf = Eb×C±M. (1)

Eb is the number of buildings damaged, and C is the fragility
index of the elements at risk (Zou et al., 2019). Fragility val-

ues range from 0 to+1, with higher values indicating greater
susceptibility to damage and/or failure. The assessment was
conducted at the individual building level within GIS: build-
ing footprints were manually digitised and assigned fragility
values based on their proximity to debris flow channels, ob-
served damage from previous events, and supporting liter-
ature. Due to limitations in detailed structural data and the
reliance on remotely sensed satellite images, we simplified
fragility to a binary classification: buildings clearly inun-
dated, damaged, or situated in highly susceptible locations
(i.e. along the channel or gully mouth) were given a value
of 1; all other buildings were assigned a value of 0. This ap-
proach provided us with a robust and replicable framework,
avoiding overinterpretation of uncertain data. These values
were then validated using historical damage reports, where
available, from the 2008 earthquake recovery period to en-
sure applicability (Fig. 2; Zeng et al., 2015; Wei et al., 2021;
Petley, 2023). This GIS-based approach provides a replicable
framework for similar hazard-prone contexts.

The key difference between our method and that of Zou
et al. (2019) is the incorporation of a modification factor, M ,
to account for the effectiveness of engineered measures like
check dams in mitigating building damage and subsequent
exposure. The mitigation factor, M , quantifies the influence
of engineered measures, in this study check dams, on the
vulnerability and subsequent exposure of buildings to debris
flow impacts. The addition of this factor brings an evaluative
element to the exposure assessment, quantifying the influ-
ence of check dams and assigning values ranging from −1.0
to +2.0 to reflect a spectrum of mitigation outcomes:

– M =−1, i.e. effective mitigation of debris flows, result-
ing in a significant reduction in hazard exposure;

– a decrease in the number of buildings damaged during
historical events following construction;
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Figure 2. Schematic of our method. The key data sources comprise three multitemporal datasets, including two from Fan et al. (2019a),
covering debris flows, triggering rainfalls, and mitigation measures. The third dataset is adapted from Fan et al. (2019a) and highlights
gullies with debris flow events post-2008, including information on the flow volume and presence of mitigation. Additional spatial data
sources include aerial imagery from OpenStreetMap (OpenStreetMap contributors, 2023), the World Settlement Footprint (World Settlement
Footprint, 2019), and the Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007).

– M = 0, i.e. no mitigation present, with exposure levels
entirely dependent on natural site conditions;

– M =+1, i.e. ineffective mitigation (there is no reduc-
tion in the number of buildings impacted in recorded
debris flow events following dam construction);

– M =+2, i.e. mitigation that increases exposure
(recorded events of a similar volume show an increase
in the number of buildings impacted following dam con-
struction).

The above −1 to +2 scale was selected to capture a nuanced
relationship between mitigation effectiveness and vulnerabil-
ity. A reduction in M (e.g. −1) lowers hazard exposure by
reducing flow impacts at critical locations, thereby decreas-
ing Edf. Conversely, an increase in M (e.g. +2) elevates ex-
posure, as development in hazard-prone areas amplifies the
potential for damage. For example, a decrease in M by 1
unit (from 0 to −1) reflects an improvement in flow attenua-
tion due to effective check dams, reducing overall exposure.
Conversely, an increase in M by 1 unit (from 0 to +1) sig-

nifies a scenario where mitigation fails, e.g. the 2019 debris
flow event in Cutou, maintaining high exposure levels. At
M =+2, exposure exceeds natural vulnerability due to in-
creased hazard presence caused by intensified land use near
mitigation structures.

This scale was developed through a combination of evalu-
ating present hazard mitigation and analysing historical data,
particularly from the 2008 earthquake recovery. Moreover,
this approach, based on the methodology proposed by Zou et
al. (2019), allows for an assessment of exposure by consider-
ing both the physical resistance of buildings and the efficacy
of mitigation efforts.

4 Results

4.1 Assumptions

In constructing the building inventory for Cutou and
Chediguan, a comprehensive approach was taken to ensure
accuracy and completeness. We used aerial and satellite im-
agery spanning 14 years, with a focus on mapping changes
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from 2011 to 2019. This involved careful analysis to de-
lineate individual buildings, considering variations in size,
shape, and spatial arrangement. Mapping efforts for Xiaojia
were limited to 2010–2011 due to suboptimal image quality.
Our approach incorporated assumptions regarding structural
categorisation, including residential, industrial, and commer-
cial buildings. These assumptions were informed by existing
literature on local building typologies and architectural styles
(Hao et al., 2013) and aerial photograph analysis from plat-
forms such as Google Earth and Dynamic World. By amal-
gamating diverse information sources, we aimed to create a
comprehensive inventory that correctly reflects the built en-
vironment of the study area.

Additionally, we used a 30 m DEM obtained from the
SRTM dataset (Farr et al., 2007). However, it is necessary to
acknowledge the limitations of these data, particularly their
low resolution and subsequent pixellation, which potentially
hindered detailed topographical analysis. Despite this, the
DEM provided valuable contextual information for under-
standing the terrain and its influence on building distribution
and spatial patterns within the three sites. Furthermore, while
using the empirical LAHARZ model for debris flow inunda-
tion mapping, we had to account for a degree of approxima-
tion in both aerial coverage and debris flow inundation due
to the 30 m resolution of the DEM file.

4.2 Mapping post-earthquake risk

Analysis of satellite imagery from 2005 to 2019 and topo-
graphic profiles reveals channel widening, deepening, aggra-
dation, and deposition, likely attributed to the mobilisation of
coseismic deposits and subsequent debris flow occurrences
(Zhang, 2014; Li et al., 2018) (Fig. 3). These observations
allowed us to determine the zones of erosion, transporta-
tion, and deposition for each gully and to track changes over
time. Hydrological and geomorphological analysis examines
landscape morphology to identify erosional and depositional
features, i.e. scarring, changes to river channels, and sedi-
ment buildup (Fig. 4). By integrating the above, we delin-
eated erosion-prone areas, which allowed sediment transport
routes to be approximated, and identified locations of sedi-
ment deposition along the hydrological profile.

In Cutou and Chediguan, deposition patterns shifted post-
earthquake, particularly following the construction of check
dams. Increased deposition occurs behind check dams com-
pared to meander bends and basal slopes of the debris fan,
demonstrating the effective sediment trapping of the check
dams (Wang et al., 2020). Regarding the erosion patterns in
Xiaojia, we observed common patterns in the upper-gully
sections at higher elevations, with deposition occurring at the
basal slopes. This is due to the absence of structural alter-
ations to the channel, permitting sediment to be transported
to the channel and subsequent river outlet directly. The de-
position patterns in Cutou and Chediguan are strongly con-
trolled by the distribution of check dams in the middle and

downstream portions of the catchment (Wang et al., 2020).
The complex interplay between natural and anthropogenic
factors demonstrates the dynamic evolution of risk in post-
earthquake catchments and highlights the role of check dams
in both mitigating and potentially exacerbating risk.

The landscape morphology prior to the 2008 earthquake
was marked by extensive vegetation (over 70 % of land
cover) and minimal permanent engineered features. The
Cutou gully contained a widespread distribution of buildings
along both the middle and the lower slopes. Figure 5 shows
the growth of the built environment between 2005 and 2019
in Cutou and Chediguan and between 2010 and 2011 in Xi-
aojia. The built environment in Cutou is concentrated within
the transportation and deposition zones on both sides of the
stream. By comparison, in Chediguan, we observed fewer
residential structures, mostly industry, and some commer-
cial structures. Additionally, buildings in the gully are more
spread out than in Cutou, highlighted by the isolated settle-
ments to the south of the catchment and the single industrial
site situated in the basin. Post-2008, noticeable tracks of scar-
ring from debris flows are concentrated downstream of dams
2 and 3 in Cutou (Fig. 4a) and upstream of dams 1 and 2 in
Chediguan (Fig. 4b). Deposition patterns are evident down-
stream of all modifications, forming a depositional zone, en-
compassing approximately 15 % and 20 % of the built envi-
ronment in 2019 within the transportation zone of Cutou and
Chediguan respectively.

Xiaojia was chosen as the comparative catchment due to
the absence of engineered mitigation such as check dams.
This analysis of Xiaojia therefore enables comparisons on
the effectiveness and limitations of engineering approaches
applied to Cutou and Chediguan. In Xiaojia, the lack of engi-
neered dam structures results in erosion and deposition pat-
terns that differ compared to those in the other two catch-
ments. Distinct patterns of upstream erosion and downstream
deposition are observed, contrasting with the more controlled
environments in the modified gullies, where deposition oc-
curs on the northern channel flank and pronounced erosion
occurs on the southern flank. The data availability for build-
ing types, quality, and spatial distribution was limited to re-
mote sensing images and a few literature sources, which re-
stricts our ability to thoroughly assess how specific build-
ing characteristics, such as materials, influence the exposure
of the built environment to debris flow hazard. This is par-
ticularly evident in Xiaojia, where more specific input data
would be beneficial for understanding the role of urbanisa-
tion and construction practices in risk levels.

Our analysis of Xiaojia unveils no discernible relationship
between building development and heightened exposure, par-
ticularly with respect to residential and critical infrastructure.
This lack of correlation is potentially linked to factors be-
yond simple urbanisation patterns, like construction quality,
building regulations, the presence of natural barriers, and the
effectiveness of mitigation measures. Natural terrain barri-
ers observed in this gully, including steep slopes and rocky
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Figure 3. Hydrological profiles of the three study sites. Dam locations are approximated for Cutou (a) and Chediguan (b) based on a
combination of satellite imagery. Streams and main tributaries are numbered to identify and reference key branches within each catchment.
Catchment profiles are segmented into three zones – “erosion”, “transportation”, and “deposition” – and key infrastructure is annotated.

Figure 4. Satellite images of the three study locations, highlighting areas of scarring from previous debris flow activity and areas of increased
erosion (© Google Earth 2019). Dam locations have been approximated for Cutou (a) and Chediguan (b). The built environment is shaded
based on the risk of damage determined by proximity to areas of high erosion. Critical infrastructure is added where appropriate: the black
line represents the G4217 road, with the thicker sections representing bridges, and the dashed lines represent tunnels. The red line in panel (a)
is the G213 highway.

outcrops, could limit the extent of debris flow impacts by re-
ducing the mobility of debris and offering natural protection
to certain areas. To fully understand this observation, fur-
ther investigation into the above variables is warranted. The
absence of significant urban expansion, particularly post-
earthquake in Xiaojia, may be a key factor in mitigating ex-
posure. This area has experienced less intensive development
compared to Cutou and Chediguan, where urban expansion
following the implementation of check dams potentially in-
creased exposure to debris flow hazards. Furthermore, the
building quality and structural characteristics in Xiaojia may
play a significant role in influencing its overall vulnerability

and subsequent damage outcomes. Due to limited detailed
building-specific data in terms of construction and materials,
our assessment simplifies vulnerability to a binary classifica-
tion based on observed damage and location. It is possible
that buildings in Xiaojia may be of higher structural integrity
or designed to withstand environmental stressors better than
those in more developed catchments, which would contribute
to the observed exposure patterns.

Additionally, detailed mapping of past debris flow events
and their impacts on the built environment could provide in-
sights into the specific mechanisms influencing vulnerabil-
ity in Xiaojia. By conducting a more comprehensive analy-
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Figure 5. Evolution of the built environment and key infrastructure in (a) Cutou, (b) Chediguan, and (c) Xiaojia post-earthquake between
2005 and 2019. Roads and tributary channels are annotated; all symbols are defined in the legend. In Cutou, the pale blue shading indicates
the mapped extent of a tributary channel post-2010 and does not imply absence in the earlier period. Several areas shown as built environment
in 2005–2010 may have been damaged during debris flows, but limitations in imagery restrict differentiation between reconstructions and
new developments in subsequent years. Scale bars have been corrected to reflect the true spatial extent of each catchment.

sis that considers these factors – especially in terms of land
use planning, construction standards, and the role of natural
terrain features at the local scale, we can gain a better under-
standing of the complex interactions between building devel-
opment and exposure to natural hazards in Xiaojia. This, in
turn, can inform more effective risk management and miti-
gation strategies tailored to the unique characteristics of the
area. Development in Xiaojia is primarily concentrated on
the lower slopes (Fig. 5a and b) at the gully mouth, featur-
ing the construction of major roads and highways (G213 and
G2417), alongside the expansion of existing residential ar-
eas. Chediguan exhibits a less marked land cover transfor-
mation, owing to roads being directed through mountain tun-
nels. Notably, development in Xiaojia mainly surges post-
earthquake up to 2010, with only minor construction activi-
ties documented thereafter (Fig. 5c; see also Fig. S3a in the
Supplement and Fig. 3b).

We mapped the number of buildings impacted by debris
flows that occurred within the Chediguan and Cutou gullies.

At 02:00 LT a large-scale debris flow hit Chediguan, impact-
ing numerous structures, and at around 05:00 LT, a similar
debris flow hit Cutou, with significant inundation noted. A
total of 79 out of 197 buildings (40 %) in Cutou (Figs. 5a and
S1a and b) were impacted by the flow, i.e. flooded, damaged,
or destroyed. Buildings in Chediguan were less impacted by
the event, with 7 affected out of a total of 69 (10.1 %) (see
Fig. S2a and b). We combined the satellite imagery with the
datasets produced by Fan et al. (2019a), which supported our
observations of check dam overtopping in both Cutou and
Chediguan during the 2019 event. In 2011 a similar event in
Xiaojia impacted approximately 5 of 43 (11.6 %) buildings
in the gully (Fig. 5c).

4.3 Modelling exposure to post-earthquake debris
flows

Our LAHARZ simulations demonstrate a clear correlation
between exposure and debris flow runout, revealing a no-
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table increase in building damage as runout volumes esca-
late from low (10 000 m3) to high (100 000 m3) and extreme
(1 000 000 m3) scenarios across all catchments. Despite the
presence of check dams, the 2019 debris flows recorded
runout volumes that were significantly larger than the max-
imum simulated volume, resulting in substantial building
and infrastructural loss in Cutou (Fig. 6a) and Chediguan
(Fig. 6b).

While low- (10 000 m3) and high-volume (100 000 m3)
runouts are not visually represented in Fig. 6 due to their
small spatial extent, which does not clearly illustrate the in-
fluence of check dams, our analysis highlights their critical
role at the smaller scale. These smaller simulations demon-
strate that check dams effectively reduce exposure during
low-magnitude debris flow events, limiting damage to build-
ing and infrastructure in Cutou and Chediguan. Thus, al-
though not easily visualised at the map scale, the efficacy
of check dams in mitigating small debris flow events is not
disputed by our results.

We examined the temporal dynamics of building changes
within the three gullies in response to check dam develop-
ment while also considering the implications of the levee ef-
fect (Fig. 6). Our simulations revealed the effectiveness of
engineered measures in mitigating exposure to debris flow
events. In both Cutou and Chediguan, the presence of check
dams led to reduced exposure at low and high debris flow vol-
umes (Fig. 7a and b). However, the mitigative structure pro-
vides no discernible protection against extreme debris flows.
Notably, Cutou consistently exhibited elevated exposure to
debris flow runout compared to Chediguan. In contrast, the
unengineered Xiaojia (Fig. 6c) shows a more consistent in-
crease in exposure with debris flow volume, illustrating the
effectiveness of check dams at low and high debris flow vol-
umes. This comparison underscores how unmitigated gul-
lies, like Xiaojia, experience greater susceptibility to debris
flow damage compared to engineered gullies like Cutou and
Chediguan at the lower to moderate volume. It is important
to clarify that Fig. 6c depicts the cumulative built environ-
ment up to 2019 in Xiaojia, including all infrastructure de-
veloped post-2005. When we refer to “restrained expansion”
in Xiaojia between 2011 and 2019, this relates specifically
to the comparatively limited rate and spatial extent of new
built environment development during that period, as shown
in Fig. 5. Xiaojia’s post-2011 expansion appeared restrained,
indicating a potential adaptive response following debris flow
events. In contrast, substantial expansion occurred in Cutou
and Chediguan between 2011 and 2019, despite experiencing
a debris flow event in 2013, suggesting the impact of check
dams implemented post-2013.

Furthermore, the incremental increase between high and
extreme simulations in Xiaojia paralleled Chediguan’s grad-
ual incline, diverging from Cutou’s steep escalation. Xiao-
jia sustained maximum building damage of 33 % under ex-
treme scenarios compared with 59 % in Cutou and 22 % in
Chediguan. This discrepancy suggests that the effectiveness

of check dams may have limits under extreme debris flow
events, highlighting that while check dams may reduce dam-
age at low to moderate volumes, they provide limited protec-
tion during extreme events. Our observations underscore the
nuanced variability in the effectiveness of check dams, influ-
enced by contextual factors and landscape characteristics.

However, it is important to note that our study only ex-
plores this hypothesis within a small sample, three catch-
ments, which limits the ability to generalise these findings.
While the evidence points to a potential levee effect associ-
ated with check dam construction and subsequent built en-
vironment expansion, further research across a larger catch-
ment sample is necessary. Expanding the scope of this anal-
ysis would help validate whether the trends we have ob-
served hold more broadly and improve understanding of
socio-environmental feedback on risk exposure and mitiga-
tion effectiveness.

Figure 7 illustrates how a 10-fold increase in runout vol-
ume corresponds to building damage, with a discernible rise
in impacted building numbers noted between low and high
scenarios and a significant incline between high and extreme
scenarios across all catchments. The significant jump in de-
struction observed in Cutou between the 105 and 106 debris
flow volume simulations is driven by the combined effect of
the increased flow magnitude overwhelming the capacity of
check dams and the spatial distribution of buildings within
the flow path, leading to disproportionately higher damage.
These simulations provide valuable insights into the effi-
cacy of engineered mitigation structures. While check dams
in Cutou and Chediguan effectively reduce exposure at low
and high runout volumes, concerns arise when surpassing the
maximum capacity.

We acknowledge the importance of decoupling debris flow
inundation from building damage, as damage depends on
various factors, including but not limited to building materi-
als and structural integrity, which are not controlled for in this
analysis. Therefore, our assessment focuses primarily on ex-
posure as a proxy for risk. Regarding the influence of check
dams on sediment dynamics, these structures alter the distri-
bution of erosion and deposition by trapping debris upstream
(Fig. 3), thereby reducing downstream sediment loads and
runout distances. This function contributes to reduced expo-
sure in low- to moderate-debris-flow scenarios but becomes
less effective during extreme events when sediment volume
exceeds retention capacity.

Urbanisation emerges as a significant contributing factor
impacting exposure and future risk, with the presence of
check dams during the 2019 events significantly contribut-
ing to the built environment’s exposure. However, due to the
lack of available data on building materials in these three re-
gions, we were unable to quantify their influence on struc-
tural vulnerability. To fully understand the effect of check
dams and validate our statistical approach, comprehensive
numerical analysis of multiple hazard events in each gully
is necessary. This sub-section addresses the elements driv-

Nat. Hazards Earth Syst. Sci., 25, 2699–2716, 2025 https://doi.org/10.5194/nhess-25-2699-2025



I. Utley et al.: Transformations in exposure to debris flows in post-earthquake Sichuan, China 2709

Figure 6. Debris flow runouts for 2019 in Cutou (a) and Chediguan (b) and for 2011 in Xiaojia (c), underlain by the extreme LAHARZ
runout scenario. Low (10 000 m3) and high (100 000 m3) runouts are not displayed as they are not easy to visualise at the map scale.

ing hazard-related risk scenarios, including the trigger event,
return period, and level of damage, and underscores the im-
portance of considering these factors when suggesting and
implementing modifications.

The exposure model is applied to historical events (2019
and 2011) and LAHARZ simulations, showcasing changes in
the degree of exposure across the catchments with increasing
debris flow runout volumes (Fig. 8). Consistent with earlier
observations in exposure, Cutou exhibits a heightened vul-
nerability to debris flows at 64 % after the 2019 event, fol-
lowed by Chediguan at 52 % and Xiaojia with 2 % in 2011.
A discernible change in building exposure is observed be-
tween the high and extreme scenarios across all catchments.
The most influential factor in overall vulnerability remains
the number of buildings, highlighting urbanisation as a con-
tributing factor impacting both exposure and physical vul-
nerability. Moreover, the presence of failed check dams in
Cutou and Chediguan during the 2019 events significantly
contributes to their physical vulnerability. These failures oc-
curred primarily through overtopping of the dams, which ex-
acerbated the impact of debris flows in these catchments.

5 Discussion

Post-earthquake structural interventions influence the vol-
ume and spatial distribution of sediment within the catch-
ment. Our observations show that check dams act as local de-
pocentres within the catchment, often storing large volumes
of sediment upstream of the majority of building develop-
ment. The choices made about post-earthquake development
of the built environment, particularly housing, and mitiga-
tive measures like check dams evolve rapidly without a clear
approach to mitigating adverse long-term consequences of
sediment retention behind dams (McGuire et al., 2017). Ad-
ditionally, the processes driving geological disasters in the
complex landscape of the Longmenshan occur at different
timescales than the rapid socio-economic development in the
region (Chen et al., 2022).

Although our analysis focuses on smaller-scale communi-
ties, the implications drawn from our findings echo those of
broader studies. For instance, the extensive investigation by
Arrogante-Funes et al. (2021) into hazard mitigation strate-
gies in larger geographical regions drew parallels with the
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Figure 7. Built environment impacts from three debris flow sce-
narios modelled using LAHARZ at Cutou, Chediguan, and Xiaojia.
(a) Percentage of buildings damaged as a proportion of total build-
ings (Cutou – 197, Chediguan – 69, and Xiaojia – 43) in each sce-
nario. The numbers at the end of the bars are the number of damaged
buildings in that debris flow scenario. (b) Total number of buildings
damaged by each simulated debris flow.

effectiveness and limitations of debris flow mitigation mea-
sures. Similarly, Chen et al. (2021) provided insights into the
complexities of hazard mitigation, emphasising the necessity
of adaptive responses considering local contexts. This aligns
with our analysis that each gully must be assessed and miti-
gated individually rather than collectively to account for lo-
cal geological and hydrological influences on mitigation ef-
fectiveness. Moreover, Li et al. (2018) examined the long-
term impact of engineering interventions, noting the vari-
ability in check dam effectiveness over time. This supports
our conclusion that the diminishing effectiveness of check
dams is likely the result of sediment accumulation and struc-
tural degradation and highlights the necessity for their con-
tinued maintenance post-construction in addition to adap-
tive mitigation strategies. Furthermore, Eidsvig et al. (2014)
and Tang et al. (2011) explored the interplay between socio-
economic factors and hazard vulnerability, emphasising that
community resilience is directly linked to economic resource
availability and social cohesion. This corroborates our under-
standing that debris flow mitigation is a multifaceted issue,

and socio-economic conditions are integral to its success. By
situating our findings within the broader context delineated
by these studies, we accentuate the relevance and applicabil-
ity of our research beyond the confines of the specific com-
munities under study.

Open check dams, similar to those established in Cutou
and Chediguan, play a pivotal role in bed stabilisation, slope
reduction, and the regulation of sediment transport (Bernard
et al., 2019). However, inadequate understanding of post-
earthquake debris flow characteristics has led to the failure
of many newly constructed engineered structures to mitigate
hazards effectively, instead amplifying damage (Chang et al.,
2022). During the August 2019 debris flow, Cutou experi-
enced the highest inundation, with 40 % of surveyed struc-
tures directly affected, including critical infrastructure like
the G4217 highway bridge. In Chediguan, despite a declined
industrial presence compared to earlier periods, i.e. during
the construction of the hydroelectrical dam in the Minjiang,
debris flow impacts affected 7 % of structures. The presence
of check dams in both locations contributed to heightened ex-
posure and hazard impacts during the 2019 event, with over-
topping and damage to dam sections recorded.

We conducted LAHARZ scenarios to predict potential ex-
posure to debris flows with volumes that have been observed
within the catchments and the region. While it is intuitive that
larger debris flows would affect a greater area, our results
provide a quantified and site-specific correlation between ex-
posure and debris flow runout, showing notable increases in
building damage as runout volumes escalated from low to
extreme across all catchments. This explicit demonstration is
critical for understanding the scale of risk in these environ-
ments. We observed two key elements of the role of check
dams in affecting exposure to debris flows. When empty,
check dams are effective at mitigating the effects of small-
and medium-volume debris flows. Yet, based on our results,
the check dams in Cutou and Chediguan are designed to miti-
gate small to medium debris flow volumes, which limits their
effectiveness against the extreme runout volumes denoted by
our simulations. In other words, it is not that check dams
are inherently ineffective against large flows, but within the
specific context of the mountainous Sichuan landscape, they
are insufficient to fully mitigate these extreme debris flow
events. Additional simulations without check dams at Cutou
and Chediguan indicated that while check dams did reduce
damage from smaller events, as shown in Fig. 7, their fail-
ure during extreme events from overtopping or breaching can
exacerbate impacts, releasing stored sediment, sometimes re-
sulting in greater damage than in scenarios without dams
along sections of the gully channel. Large runout volumes in
the 2019 debris flows resulted in substantial building and in-
frastructural loss in both Cutou and Chediguan, suggesting a
negative contribution from damaged check dams. Cutou was
found to be highly exposed to extreme debris flow volumes,
a result of its high degree of urban development concentrated
at the basal slopes.
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Figure 8. Changes in the degree of exposure with increasing runout volumes using the exposure model developed in Eq. (1). The 2011 and
2019 debris flows are also noted as a base marker from an observed hazard event.

The fact that Xiaojia was found to possess the least expo-
sure to the most extreme debris flow volume suggests that
there may be an adaptive component to debris flow mitiga-
tion in catchments without significant check dam develop-
ment. These findings suggest that urban development and de-
bris flow risk co-evolve based on the nature of the structural
interventions in the studied areas.

Our analysis of erosion, transportation, and deposition
zones for each gully revealed significant changes in land-
scape morphology post-earthquake, likely attributed to mo-
bilised coseismic deposits and subsequent debris flow oc-
currences. The presence of check dams influenced deposi-
tion patterns, with middle to downstream trends indicating
effective sediment retention in Cutou and Chediguan, while
Xiaojia exhibited typical erosion–deposition behaviour. Our
findings can be supported by a similar occurrence during the
“8.13” debris flow event in Wenjiagou. The damage and sub-
sequent failure of mitigative check dams led to the inundation
of 490 houses. More recently, a debris flow in the Miansi and
Weizhou townships on 27 June 2023 blocked the valley in
the first instance before breaching the dam and causing seven
fatalities (Petley, 2023). Further research is thus imperative
to devise appropriate mitigation approaches for post-seismic
debris flows. While existing literature has underscored the
physical effectiveness of check dams in reducing exposure to
debris flow impacts within alpine terrains (Piton et al., 2016),
it should be noted that their primary function extends beyond
this to also provide socio-economic and political reassurance
(Wu et al., 2012; Chen et al., 2022).

The findings of our paper provide preliminary evidence
supporting the theory of the levee effect by demonstrat-
ing how the implementation of mitigative measures, such as
check dams, can inadvertently increase exposure levels and
risk perception in hazard-prone areas. However, we acknowl-
edge that our analysis is limited to three catchments, and

additional socio-economic and geographic factors may also
encourage or discourage development. Therefore, further re-
search with a wider study sample is needed to fully substan-
tiate this. The interplay between engineering solutions and
the built environment, as highlighted in our study through
analysis of the 2011 and 2019 events and the LAHARZ sim-
ulations, illustrates the levee effect. This finding is similar
to that of previous studies on flooding and the levee effect.
Similar to previous studies on flooding (e.g. Collenteur et al.,
2015), our paper suggests that the perceived reduction in haz-
ard risk due to mitigative structures can lead to increased lev-
els of exposure due to expanded development in debris-flow-
prone regions. This effect is particularly evident in the Cutou
catchment, where urban expansion occurred post-dam con-
struction, despite the repeated occurrence of high-magnitude
debris flows. This suggests a distorted perception of hazard
risk, which ultimately drives urbanisation into vulnerable ar-
eas (Chen et al., 2015; Ao et al., 2020).

The levee effect can influence exposure to large-scale de-
bris flow events by inadvertently increasing risk in areas pro-
tected by engineered mitigation structures, such as check
dams. This occurs because the perceived safety provided by
these structures can encourage development in vulnerable ar-
eas, which might otherwise remain uninhabited due to their
high-risk nature. This phenomenon is best evidenced in our
paper on the Cutou catchment, where the construction of
check dams in 2013 coincided with widespread urban ex-
pansion, despite ongoing small-scale debris flow activity in
the area. It is also possible that the prioritisation of check
dam construction was influenced by pre-existing high lev-
els of development, reflecting a reactive approach to hazard
mitigation in already urbanised zones. In our study, we have
observed that the rate of urban expansion post-dam construc-
tion increased. This raises an important question about the in-
terplay between mitigation efforts and development patterns,
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suggesting that structural interventions may both respond to
and shape urban growth in hazard-prone areas. Subsequently,
building exposure increased by 64 % post-2008, underscor-
ing the risk amplification associated with structural mitiga-
tion. This observation highlights the necessity of coupling
structural interventions with strategies that address resid-
ual risks and foster community awareness of long-term haz-
ard vulnerabilities. The 2019 debris flow event exemplified
the risks associated with this effect, as the flow overtopped
the check dams and used the stored material as secondary
fuel, significantly amplifying the impact. As a result, 40 %
of surveyed buildings were inundated, demonstrating how
the levee effect can potentially escalate exposure to large-
scale debris flow events.

Our LAHARZ simulations further reinforce the limita-
tions of engineered structures as the sole mitigative measure
in alpine environments; urbanisation of mountainous terrains
further complicates the balance between technological ad-
vancements and geological hazards (Zhang, 2014; Zhang and
Li, 2020; Luo et al., 2023). Despite the presence of check
dams, our extreme runout volume resulted in significant im-
pacts on the built environment in Cutou and Chediguan, in-
cluding overtopping and dam failure. The use of these sim-
ulations emphasises the challenges of reducing exposure to
at-risk structures and highlights the unpredictable nature of
debris flow occurrences. Moreover, our findings relating to
the altered patterns of erosion and deposition emphasise the
relationship between natural topography, engineered inter-
ventions, and risk perception in post-seismic debris flows.
Urbanisation exacerbates this complexity, influencing expo-
sure and physical vulnerability through deposit remobilisa-
tion. Our LAHARZ simulations serve as a practical demon-
stration of the levee effect, illustrating how engineered struc-
tures may not provide adequate protection against runout vol-
umes, similar to the extreme simulation, thereby reinforcing
the importance of considering the levee effect in debris flow
risk management. The unpredictable nature of debris flow oc-
currences – from pinpointing their location and timing to as-
certaining their volume and velocity – ultimately means that
the concept of the levee effect remains key to the issue of de-
bris flows in post-seismic Sichuan (Cucchiaro et al., 2019a;
Tang et al., 2022).

While our findings are not able to definitively determine
the prevalence of the levee effect with regard to development
in post-seismic environments like Sichuan, we hypothesise
that the implementation of mitigative structures like check
dams may inadvertently increase exposure levels to large-
scale debris flow events by creating a false sense of safety.
Although our investigation does not fully explore this phe-
nomenon, our outcomes suggest that the development of in-
frastructure in areas perceived to be safe due to the presence
of engineered structures may amplify hazard exposure. This
highlights the limitations of solely relying on engineered in-
terventions to reduce exposure to at-risk structures under the
extreme LAHARZ scenario. Furthermore, we highlighted the

complex interplay between engineering solutions and hu-
man behaviour, warranting further investigation (Papathoma-
Köhle et al., 2011; Gong et al., 2021). By emphasising the
challenges and limitations of engineered structures in miti-
gating debris flow impacts, we underscore the need for com-
prehensive risk management strategies that consider the com-
plexities of urbanisation and flow-based hazards in moun-
tainous terrains.

Despite the presence of these engineered interventions, our
analysis demonstrates significant exposure levels and infras-
tructure damage during extreme debris flow events. This dis-
crepancy between perceived risk reduction and actual hazard
exposure underscores the need for a more comprehensive un-
derstanding of risk perception in the context of hazard miti-
gation strategies. Moreover, our study highlights the impor-
tance of considering human behaviour and decision-making
processes in the design and implementation of risk manage-
ment measures. Future research should focus on elucidating
the mechanisms driving risk perception in hazard-prone ar-
eas and developing strategies to bridge the gap between per-
ceived and actual risk to enhance the effectiveness of mitiga-
tion efforts.

6 Conclusion

Our study investigated the changing exposure to debris flows
in Cutou, Chediguan, and Xiaojia since the 2008 Wenchuan
Earthquake. We used high-resolution satellite imagery to
build a time series of building inventories between 2005
and 2019. Despite recurrent debris flow occurrences between
2010 and 2013, we observed increased urban developments
across all three gullies to varying extents until 2015.

We identified significant differences in the impacts of de-
bris flow events in 2011 and 2019. During the August 2019
debris flow event, Cutou experienced the highest inundation,
with 40 % of surveyed structures directly affected, including
critical infrastructure such as the G4217 highway bridge. In
contrast, the 2011 event in Xiaojia impacted approximately
11.6 % of buildings in the gully, indicating a lower level of
damage compared to in Cutou. The presence of check dams
in Cutou and Chediguan contributed to increased exposure
and hazard impacts during the 2019 event, with overtopping
and damage to dam sections recorded at both locations. How-
ever, despite the presence of these mitigative structures, the
impact on the built environment was significant, suggesting
limitations in their effectiveness, particularly during extreme
runout volumes. Our LAHARZ simulations demonstrated a
clear correlation between exposure and debris flow runout,
revealing a notable increase in building damage as runout
volumes increased from low to high and, finally, extreme sce-
narios across all catchments. Despite the presence of check
dams, the simulations indicated that these structures were un-
able to reduce the impacts on the built environment, espe-
cially during extreme events. Furthermore, our analysis high-
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lighted a heightened level of built environment exposure in
Cutou compared to Chediguan and Xiaojia, driven by urban-
isation, the presence of critical infrastructure, and the effec-
tiveness of mitigative measures.

Our findings suggest that the presence and location of
check dams in gully channels likely increased building ex-
posure by fostering a perception of reduced hazard risk,
thereby contributing to a levee effect. This raises concerns
about the long-term implications, including structural in-
tegrity, maintenance, and clearing. LAHARZ modelling pro-
vides an understanding of check dam efficacy, raising con-
cerns for Cutou and Chediguan in high- to extreme-runout
events. Further, the combined use of the LAHARZ GIS
toolkit and exposure analysis contributes to a holistic un-
derstanding of the risk landscape, informing strategies for
enhanced disaster resilience and sustainable development in
vulnerable areas.

The assumptions and subsequent considerations high-
lighted throughout our study underscore the complexities of
how check dams, as a mitigative structure, influence land use
planning and development in hazard-prone areas. These fac-
tors ensure that the data outputs are not only comprehensive
but also reflective of the inherent complexities of the study
area and limitations in available data sources and analytical
tools. We have highlighted a relationship between the pres-
ence of engineered measures like check dams and the built
environment, showing how this relationship has contributed
to increased debris flow impacts after the 2008 earthquake in
Sichuan, particularly in provinces along the Minjiang. Our
results emphasise the need for a multifaceted approach to
risk management, integrating socio-economic development
and addressing the paradoxical role of mitigative structures
in shaping public perception to hazard exposure and vulnera-
bility. Understanding these complexities is vital for informed
decision-making and effective debris flow risk management.

Overall, our findings indicate that the 2019 debris flow
events caused more significant damage and higher exposure
levels compared to the 2011 flow, emphasising the need for
comprehensive risk management strategies in debris-flow-
prone areas.
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