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ASSESSING SPATIAL COUPLING OF LANDSLIDE HAZARD AND SOCIAL
SENSITIVITY: A CASE STUDY IN HA QUANG DISTRICT, VIETNAM

Abstract

Ha Quang District, Cao Bang Province, Vietnam, faces substantial landslide risks due to steep
topography, intense monsoonal rainfall, and complex geological structures. The district’s
predominantly ethnic minority population, reliant primarily on subsistence farming, encounters
significant socioeconomic vulnerabilities, intensifying their susceptibility to environmental hazards.
This research establishes a comprehensive vulnerability assessment model by integrating
geographic information systems (GIS) with Analytical Hierarchy Process (AHP) and Technique
for Order of Preference by Similarity to Ideal Solution (TOPSIS) methods, alongside validation
through Ordinary Least Squares (OLS) regression with Newey - West adjustments. Our results
highlight that communes including Cai Vien and Ha Thon exhibit notably high combined
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vulnerability indices, driven by the synergistic interactions between social and geophysical factors.
Conversely, areas such as Luong Thong, Da Thong, and Xuan Hoa display resilience primarily due
to favorable demographic structures and relatively stable environmental conditions. These insights
facilitate strategic resource allocation and proactive disaster risk reduction policies in landslide -
prone regions.

Key words: Ha Quang, SVI, GIS, AHP, TOPSIS, OLS

1. Background

Social vulnerability refers to the capacity of communities to withstand, cope with, and recover
from natural disasters. In mountainous regions such as Ha Quang District, Cao Bang Province,
Vietnam, landslides represent an ongoing hazard due to complex topographical features, intense
monsoonal rainfall, and fragile geological conditions. The district's demographic composition,
primarily ethnic minority groups like Tay, Nung, and H'Mong, relying mainly on subsistence
agriculture, significantly exacerbates socioeconomic vulnerabilities and disaster susceptibility.
Addressing these multidimensional challenges requires a comprehensive approach integrating
socio - economic factors with geospatial analysis.

Recent research underscores the efficacy of combining social vulnerability indices with
advanced geospatial and statistical methods to enhance the precision and effectiveness of disaster
management frameworks. Notably, the incorporation of machine learning and high - resolution
remote sensing has provided marked improvements in predictive accuracy and real - time
vulnerability assessments ([4], [10], [9], [11]).

Compared to traditional methods, the integration of Geographic Information Systems (GIS),
Analytic Hierarchy Process (AHP), Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS), and statistical validation using Multiple Linear Regression (MLR) with Newey - West
adjusted regression employed in this study offers robust methodological advantages. Specifically,
the combination of AHP and TOPSIS enables an objective weighting and ranking of vulnerability
factors through systematic expert judgments, overcoming limitations of purely subjective or overly
simplistic analytical approaches. Further, the MLR with Newey - West adjustment provides
rigorous statistical validation, effectively addressing issues such as heteroscedasticity and
autocorrelation common in spatial analyses, thus ensuring reliability and accuracy in the results.

2. Study area

Ha Quang District, located in the northern part of Cao Bang Province, Vietnam, encompasses an
area of approximately 810.96 km? and had a population of 59,467 inhabitants as of 2019, resulting
in an average density of 73 individuals per square kilometer [3]. Characterized by rugged
mountainous terrain, steep slopes, and deep valleys, the district is highly susceptible to landslide
events, especially during the intense monsoon season. Additionally, the district's socio - economic
landscape, dominated by ethnic minority communities engaged predominantly in subsistence
agriculture, exacerbates their vulnerability due to limited economic opportunities, infrastructure
inadequacies, and restricted access to essential services.

Figure 1. Study area in Ha Quang, Cao Bang Province
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3. Methodology

3.1. Datasource

In line with the research objectives, the evaluation index system incorporates both environmental
and socioeconomic variables. Environmental factors related to landslide risks, including elevation
(DEM), slope gradient, and proximity to rivers and streams, were derived from recent topographic
maps and Landsat 8 (OLI+) satellite imagery provided by USGS in December 2023. Vegetation
coverage was assessed using the Normalized Difference Vegetation Index (NDVI), calculated
following Rouse et al. (1973). NDVI is a normalized index with a value between - 1.0 and 1.0.
Additionally, soil moisture and average rainfall data were obtained from rainfall maps for
September 2023. Socioeconomic indicators, including population density, birth rate, elderly
population ratio, ethnic minority ratio, and working - age population ratio, were collected from
sociological surveys conducted in Cao Bang province in 2019, based on methodologies outlined by
Frigerio et al. (2016).

3.2. Analysis method

This study employs an integrated methodological approach to examine the interaction between
environmental and socio - economic factors when assessing landslide - related vulnerability in Ha
Quang district. By combining landslide hazard analysis and social vulnerability assessment.

a)  Landslide hazard analysis

In this research, seven key geographical factors influencing landslide occurrence were
systematically analyzed utilizing Geographic Information Systems (GIS) combined with
remote sensing methods to construct a robust Landslide Susceptibility Index (LSI). Initially,
spatial data corresponding to each selected factor were acquired, standardized, and
preprocessed to ensure comparability. Subsequently, the Analytical Hierarchy Process
(AHP) [12] was employed to determine the relative importance of each factor through expert
judgment. Specifically, a pairwise comparison matrix was formulated based on assessments
from a panel of six subject matter experts, which facilitated the calculation of factor - specific
weights. The consistency and reliability of these judgments were verified through the
calculation of a consistency ratio (CR), ensuring that the weight allocations were robust and
methodologically sound. Finally, the weighted factors were integrated using a composite
index, providing a comprehensive spatial representation of landslide hazard across the study
area.

The CR assesses the consistency of the judgments in the PCM. It is calculated as:

CR = 2.(1)
where the Consistency Index (CI) is:

_Amax-n

A==="@

with A denoting the maximum eigenvalue obtained from the pairwise comparison matrix
(PCM), and RI represents the Random Consistency Index, which varies according to matrix
dimensions as indicated in Table 2. A consistency ratio (CR) of less than 0.1 confirms that the
assigned weights have acceptable internal consistency and reliability.

Table 2. The RI value
4 5 6 7 8 9 10
RI 0/01] 052108 | I,L11 | 125 | 135 | 1,40 | 145 | 1,49

=
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b) Social Vulnerability Analysis

The basic framework for calculating the SVI can be outlined as follows:

SVI = I, WixX; ()

Where:

- X;is the value of each component variable in the index.

- W;is the weight applied to that variable, representing the relative importance of each factor
in assessing social vulnerability.

- nis the total number of component variables used in the SVI.

The index comprises essential factors influencing community susceptibility to natural disasters
as listed in Table 1. To quantify these factors systematically, the Technique for Order of Preference
by Similarity to Ideal Solution (TOPSIS), a multi - criteria decision - making method, was
employed.

TOPSIS evaluates and ranks alternatives by measuring their relative distances from the Positive
Ideal Solution (PIS) and Negative Ideal Solution (NIS). The procedure involves normalization of
the initial decision matrix to standardize data for comparability. Integrating the resulting Social
Vulnerability Index (SVI) with landslide susceptibility maps allowed precise identification of high -
priority areas requiring targeted disaster mitigation interventions. The normalization is performed

using:
Xi j

T j '—Z? Xizj

Where: x; is the value for criterion j of region I and r;; is the normalized value.

Each criterion is assigned a weight w; based on expert judgment, ensuring the importance of
different factors is reflected. The weighted normalized value is then computed as:

v = wj X135 (5)

Q)

e  Positive ideal Solution (A+) represents the best possible values for each beneficial
criterion and the lowest values for non - beneficial ones:

AT ={vi vi, ... vt}6)

e  Negative Ideal Solution (A -) represents the worst values for beneficial criteria and
highest values for non - beneficial ones:

A ={vi,v5,..., v} (7)

Each alternative's separation from PIS and NIS is computed using the Euclidean distance
formula:

SH= ¥ vy — v)2E®)

SI._ = ?:1(vij - vj_)z (9)

The relative closeness (C;) of each alternative to the ideal solution is determined as:
Ci == (10)

st+s;

The relative closeness coefficient (CI) ranges from 0 to 1, with higher values indicating greater
proximity to the ideal solution. Accordingly, regions with the highest CI scores are considered the
least socially vulnerable, whereas those with the lowest scores exhibit the greatest vulnerability.

To capture the combined effect of physical and social dimensions, the Landslide Susceptibility
Index (LSI) and Social Vulnerability Index (SVI) were integrated through a GIS - based weighted

:
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overlay analysis, resulting in the Landslide Risk Vulnerability Index (LRVI}—a comprehensive
indicator for identifying high - risk areas requiring urgent attention.

c. Validation of landslide - induced vulnerability using Ordinary Least Squares (OLS) Analysis

To improve the reliability of statistical inferences in assessing landslide - induced vulnerability,
the Newey - West standard error correction method was employed to address heteroscedasticity
and autocorrelation in the regression model. The analysis began with estimating a conventional
Ordinary Least Squares (OLS) regression model, formulated as:

Y'= Bo+ BiXi + BoXy + o+ BnXy + £(12)

Where Y represents the Landslide Risk Vulnerability Index (LRVI), X;, Xy, ...., X, are the
explanatory variables, and ¢ is the model error.

To diagnose statistical issues, autocorrelation was assessed using the Durbin - Watson test while
heteroscedasticity was evaluated through the Breusch - Pagan test. When evidence of
heteroscedasticity or serial correlation was detected, the Newey - West covariance matrix was
applied to obtain heteroscedasticity - and autocorrelation - consistent (HAC) standard errors [7].
The adjusted variance - covariance estimator is defined as:

Q=Y ,ef +2 2?21 w(j, @) Xi=j1 e (13)

Where e, represents the regression residuals, q is the maximum lag order (typically chosen as 1
or 4) and w(j,q)) is a kernel weighting function to account for the influence of past observations
[13].

Following the application of Newey - West standard errors, the model was reassessed by re -
evaluating P - values, confidence intervals, and residual diagnostics, confirming the robustness of
the corrections. This approach ensures that the regression model accurately captures the impact of
both geographical and socio - economic factors in landslide vulnerability assessment while
mitigating statistical distortions caused by autocorrelation and heteroscedasticity.

4. Results

4.1. Analysis of landslide risk factors

Figure 2 presents a radar chart illustrating the relative weight distribution of landslide - related
factors derived from the Analytic Hierarchy Process (AHP). The chart clearly highlights that slope
(SL) and rainfall (RF) possess the highest weights (34 and 33, respectively), indicating their
dominant influence on landslide susceptibility within the study area. These findings align with the
geomorphological and climatological context of Ha Quang, where steep terrain and intense
monsoonal precipitation are primary triggering mechanisms.

Soil moisture (SM) holds a moderate weight, suggesting its secondary yet non - negligible
contribution, particularly in areas where saturation influences slope stability. In contrast, river
distance (RD), vegetation cover (NDVI), and elevation (DM) exhibit lower weights, implying a
comparatively limited role in this specific terrain configuration.

Using the AHP method, normalized weights were calculated with a consistency ratio of 0.060,
confirming reliable expert judgments. The resulting landslide susceptibility map classifies Ha
Quang District into low, moderate, and high - risk zones (Fig.3). High - risk areas are mainly
located in the north, such as Cai Vien, Van An, and Truong Ha, due to steep slopes, heavy rainfall,
and sparse vegetation. Central regions show moderate risk, while the southern and western parts
exhibit low susceptibility, benefiting from stable terrain, dense vegetation, and lower precipitation.
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Figure 2. Normalized pair - wise comparison and weight values.
(SL slope, DM Dem, SM Soil moisture, RF rainfall, RD river density, NDVT)

Figure 3. Building Landslide susceptibility Map Using AHP

4.2. Comprehensive analysis of social vulnerability

As shown in Figure 4, communes such as Xuan Hoa (CI= 0.988), Luong Thong (0.784), and Da
Thong (0.665) exhibit the highest CI scores, reflecting favorable socio - demographic
characteristics and improved access to infrastructure. This interpretation is further supported by
their lower PIS values and higher NIS scores, as presented in the PIS and NIS comparison chart
(Fig.6), which together signify enhanced resilience and stronger adaptive capacity in the face of
landslide hazards.

In contrast, Ha Thon (0.005), and Cai Vien (0.093) exhibit the lowest C; values, highlighting
critical vulnerability due to their aging populations, low education levels, and limited social
services. The high PIS and low NIS values observed in these communes, as illustrated in the
corresponding comparison chart, further substantiate their identification as critical areas requiring
prioritized support and intervention measures (Fig.6).

The chart illustrates the distribution of communes in Ha Quang District across five levels of
social vulnerability, based on the relative closeness coefficient (CI) derived from the TOPSIS
method (Fig.5). The results reveal that a significant number of communes (16 out of 30) fall into
the “Very High Vulnerability” category, indicating an urgent need for targeted support and
intervention. An additional 7 communes are classified as “High Vulnerability,” reflecting
considerable social risk. In contrast, only a few communes belong to the “Moderate” and “Low
Vulnerability” groups, suggesting an uneven distribution of resilience across the district. Notably,
just one commune is categorized under “Very Low Vulnerability,” indicating exceptionally
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favorable social and infrastructural conditions in that area. This stratification provides a clear basis
for prioritizing disaster risk reduction efforts and allocating resources more effectively.

Figure 4. TOPSIS - Based Social Vulnerability Ranking of Communes in Ha Quang District
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Figure 5. The social vulnerability map using Figure 6. PIS-NIS Distribution of Social
TOPIS model in Ha Quang Vulnerability Criteria under AHP-TOPSIS
Framework

4.3. Validation of landslide - induced vulnerability

The Newey - West Adjusted Regression analysis confirms that landslide - induced vulnerability
in the study area is governed by a complex interplay between geographical and socio - economic
factors (Tab.2), each exerting distinct levels of influence (Fig.6).

Table 2. Newey - West Adjusted Model Result

index Coef. Std.Err. | tStat | P-value | Lower 95 % | Upper 95 %
DEM 399E-05| 7.69E-06 | 5.190 | 2.24E - 07 248E- 05 5.50E - 05
Rainfall 3.62E-05| 6.85E-06 | 5.286 | 1.34E-07 2.28E-05 4.96E - 05
SM -2.16E-03 | 520E-03 | -0415| 6.78E-01 | -124E-02 8.04E - 03
NDVI 2.10E-03 | 520E-03 | 0404 | 6.86E-01 | -8.09E-03 1.23E-02
RD 239E-06 | 450E-07 | 5320 | 1.12E-07 1.51E- 06 3.28E-06
Population density 1.04E-04 | 1.62E-05| 6.438 | 1.00E - 10 7.23E- 05 1.36E - 04
Ethnic minority rate -4.10E-05 | 5.68E-06 | -7.198 | 140E-09 | -520E-05| -297E-05
Birth rate 1.02E-03 | 147E-04 | 6.933 | 3.50E - 09 7.29E - 04 1.30E - 03
Elderly rate 583E-05|2.07E-05| 2.818|483E-03 1.77E - 05 9.89E - 05
Literacy rates, 7.38E-05| 1.06E-05 | 6.977 | 2.90E - 09 5.30E - 05 9.45E - 05
Working— 379E-05 | 550E-06 | ®%%|480E-00| 272E-05| 487E-05
age population ratio
LRVI _ lagl 640E-01 | 522E-02 | 12261 | 1.24E-10 5.37E-01 742E - 01
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The findings at Tab.2 and Fig.6 indicate that among the natural determinants, elevation (DEM)
and rainfall are the most statistically significant contributors to vulnerability, with P - values < 1077,
highlighting their dominant role in landslide susceptibility. This aligns with established geophysical
theories, where higher elevations are commonly associated with steep slopes, increasing the
propensity for mass movement under intense precipitation conditions. Additionally, proximity to
river systems (RD) emerges as another crucial factor (P - value = 1077), emphasizing that areas near
river networks are more prone to landslides, potentially due to increased fluvial erosion and
hydrological destabilization of soil structures.

In the socio - economic domain, population density exhibits a high level of statistical
significance (P - value = 2.75 x 1077), underscoring the degree of human exposure to landslide
hazards. Areas with high population concentrations, particularly those characterized by a significant
proportion of ethnic minority communities (P - value = 140 x 107°), experience greater
vulnerability. This trend may be attributed to disparities in housing stability, land - use planning,
and access to disaster mitigation infrastructure, which often remain inadequate in marginalized
regions.

Furthermore, the birth ratio (P - value = 3.50 x 10~°) and literacy rate (P - value = 2.90 x 107%)
exert substantial influence on vulnerability levels. These results emphasize the role of community
awareness, education, and social resilience in mitigating disaster impacts. Lower literacy levels are
associated with reduced preparedness and limited accessibility to early warning systems,
heightening overall vulnerability. Conversely, the working - age population ratio (P - value = 4.80 x
107%) is positively correlated with resilience, suggesting that regions with a higher proportion of
economically active individuals demonstrate greater post - disaster recovery potential.

A particularly noteworthy discovery is the significant impact of lagged landslide vulnerability
(LRVI _ lagl, P - value = 1.24 x 107*), which exhibits a strong autocorrelation coefficient of
0.6397. This finding underscores the persistence of landslide vulnerability over time, where past
occurrences strongly influence present risk levels. Such a phenomenon highlights the necessity for
long - term mitigation measures, rather than relying solely on short - term reactive interventions
after each landslide event.

Interestingly, certain variables, such as soil moisture (SM, P - value = 0.6783) and vegetation
index (NDVI, P - value = 0.6864), fail to exhibit statistical significance within the model. This
suggests that in the specific context of this study area, these factors do not play a predominant role
in landslide vulnerability assessment, possibly due to variations in soil composition, vegetation
coverage, or other site - specific geological conditions.

Figure 7. Composite Vulnerability Map for Landslide Risk Management
in Ha Quang District, Cao Bang
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5. Discussion

This study introduces a novel framework integrating GIS, AHP, TOPSIS, and Newey—West
adjusted OLS regression to assess landslide vulnerability by combining geophysical and socio -
economic factors. Unlike traditional single - method approaches, this integrated model enhances
interpretability and precision by systematically weighting environmental factors (via AHP) and
ranking social vulnerability indicators (via TOPSIS), followed by statistical validation of
influencing variables using robust regression techniques [1], [S].

Compared to global studies employing machine learning or PCA based indices, this method
ensures transparency and policy relevance through explicit factor ranking and risk quantification.
While ML models offer high predictive performance, their black box nature limits practical
interpretation [6]. Moreover, the spatial vulnerability patterns identified here are consistent with
international findings: areas with higher poverty and minority populations tend to coincide with
greater landslide exposure.

The resulting risk maps enable targeted interventions in communes like Cai Vien and Ha Thon,
supporting evidence - based disaster planning (Fig.7). Policymakers can leverage this model to
simulate “what - if”” development scenarios and prioritize investments in education, infrastructure,
or early warning systems.

Nonetheless, limitations exist. The reliance on expert judgment and commune - level data
introduces subjectivity and spatial generalization. Future research should incorporate higher -
resolution, dynamic, and participatory data, spatial regression models, and machine learning
techniques to refine predictions and enhance local applicability. Overall, this framework offers a
replicable, scalable tool for integrated disaster risk management in mountainous, socially
vulnerable regions of Vietnam and beyond.

6.  Conclusion

This study proposed an integrated framework combining GIS - based analysis, AHP-TOPSIS
multi - criteria evaluation, and Newey-West adjusted OLS regression to assess landslide
vulnerability in Ha Quang District, Vietnam. The results highlight the compounding effect of
geophysical and socio - economic factors on overall risk levels.

The AHP model identified slope and rainfall as key contributors to landslide susceptibility, while
TOPSIS results showed communes such as Cai Vien and Ha Thon as socially vulnerable due to
high ethnic minority rates and low literacy. In contrast, Xuan Hoa and Luong Thong showed higher
resilience.

Statistical validation using Newey—West adjusted OLS confirmed the significance of
demographic variables such as population density, birth rate, literacy, and working - age ratio (p <
0.01), while ethnic minority rate had a significant negative impact on resilience. The inclusion of
the lagged LRVI term further enhanced model robustness.

The key novelty lies in demonstrating how integrating AHP, TOPSIS, and adjusted regression
better captures vulnerability interactions than isolated methods. This approach enables more precise
spatial targeting for disaster risk reduction, especially in areas where social fragility coincides with
environmental exposure. Future work should expand this model using machine learning and
participatory GIS to improve predictive accuracy and policy relevance.
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