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AN INTEGRATED FRAMEWORK FOR URBAN
GROWTH MODELLING IN
TRANSPORTATION CORRIDORS USING
REMOTE SENSING, GIS, AND LOGISTIC
REGRESSION!?

Giilsiim Ecem DEMIRDAG?
Kemal Mert CUBUKCU?

1. INTRODUCTION

Urbanization is widely recognized as one of the most
transformative processes shaping contemporary landscapes.
Beyond the concentration of population in urban areas,
urbanization represents a multidimensional process of spatial
transformation that restructures land-use systems and alters the
relationships  between natural, agricultural, and built
environments. Since the second half of the twentieth century,
rapid urban expansion has become a dominant feature of global
development, with built-up areas growing at rates that often
exceed population growth. As a result, urban areas have expanded
beyond their traditional boundaries, exerting increasing pressure
on surrounding rural landscapes, agricultural land, and natural
ecosystems (Antrop 2004; Seto, Guneralp, and Hutyra 2012).
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In recent decades, these processes have increasingly been
discussed within the context of land take, which refers to the
conversion of agricultural, forest, and other natural or semi-
natural lands into artificial surfaces. Land take is associated not
only with the physical expansion of urban areas but also with the
loss of ecosystem services, landscape fragmentation, and
declining agricultural functions (EEA 2006; ESPON 2020).
Consequently, understanding the mechanisms that drive land-use
change has become a central concern in spatial planning and land
management studies.

Among the factors influencing urban growth,
transportation infrastructure plays a particularly important role.
Improvements in accessibility alter development opportunities,
affect land values, and influence the spatial distribution of
investment and population. Previous studies have demonstrated
that highways frequently stimulate urban expansion by
encouraging residential, commercial, and industrial development
in previously less accessible locations (Baum-Snow 2007;
Duranton and Turner 2012; Kasraian et al. 2016). These effects
are especially visible around highway interchanges, where
accessibility  advantages  often  generate  concentrated
development pressures and accelerate land-use conversion
processes (Chi 2010; Garcia-Lépez 2012; Midller, Steinmeier,
and Kichler 2010).

The consequences of transportation-induced urban growth
are particularly significant for agricultural land. Numerous
studies have shown that urban expansion often occurs at the
expense of productive agricultural areas, resulting in farmland
loss, fragmentation, and reduced landscape continuity (Lambin
and Meyfroidt 2011; Turner et al. 2020; Wu 2019).
Understanding where these transformations occur, how they
evolve over time, and which factors drive them is therefore
essential for sustainable spatial planning.
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Advances in remote sensing and Geographic Information
Systems (GIS) have considerably improved the ability to monitor
and analyse long-term land-use dynamics. Multi-temporal
satellite imagery provides consistent observations of land-use
change, while spatial modelling approaches facilitate the
investigation of the factors influencing these changes and support
the development of future land-use scenarios (Lu and Weng 2007;
Veldkamp and Lambin 2001; Wulder et al. 2019).

This chapter presents an integrated framework for
analysing urban growth processes in transportation corridors
through the combined use of remote sensing, GIS, multi-criteria
evaluation, and logistic regression modelling. The framework is
demonstrated using the Izmir-Denizli Motorway corridor in
western Turkiye, where rapid urban growth and agricultural land
transformation have occurred during the last three decades. In
addition to presenting the methodological workflow, the chapter
highlights key findings related to land-use change patterns,
agricultural land loss, transition dynamics, and model
performance. By linking methodological development with
practical application, the proposed framework provides a
transferable approach for investigating urban growth and future
land-use change in different geographical contexts.

2. METHODOLOGICAL FRAMEWORK

The methodological framework presented in this chapter
integrates remote sensing, Geographic Information Systems
(GIS), multi-criteria evaluation, and statistical modelling
techniques to investigate urban growth dynamics and future land-
use change processes. Similar integrated approaches have been
widely employed in land-use change modelling studies because
they enable the simultaneous evaluation of environmental,
accessibility-related, and demographic factors within a unified
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analytical structure (Lesschen, Verburg, and Staal 2005;
Veldkamp and Lambin 2001).

The modelling process follows a sequential structure in which the
outputs of each stage serve as inputs for subsequent analyses.
First, multi-temporal satellite imagery is processed to produce
land use/land cover (LULC) maps using remote sensing
techniques. Concurrently, explanatory variables associated with
urban growth, including topographic, accessibility-related, land
capability, and demographic factors, are prepared and
standardized. Subsequently, variable weights are determined
through the Analytic Hierarchy Process (AHP), and the most
suitable variables are selected through Weighted Linear
Combination (WLC) and Pearson correlation analyses. Finally,
logistic regression is employed to estimate transition probabilities
and generate future land-use scenarios. The primary objective of
this framework is not only to identify historical land-use changes
but also to explain the spatial factors driving these
transformations and evaluate potential future development
patterns. Figure 2.1 presents the general workflow of the
methodological framework applied in this study.

Figure 2.1 General workflow of the integrated urban growth
modelling framework.
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2.1. Study Area

The proposed framework was applied to the izmir-Denizli
Motorway corridor in western Tirkiye. The study area consists of
a 10-km buffer surrounding the motorway and its interchanges
and covers portions of the provinces of Izmir, Aydin, and Denizli.
Characterized by a mixture of built-up, agricultural, forest, and
bare land classes, the corridor provides a suitable setting for
examining  the  relationships  between  transportation
infrastructure, land-use change, and urban growth dynamics

2.2. Data Preparation and LULC Mapping

The first stage of the framework involves the preparation
of multi-temporal land use/land cover (LULC) datasets. Multi-
temporal satellite imagery was employed to monitor land-use
dynamics and provide the baseline information required for urban
growth modelling. Landsat imagery was selected due to its long-
term archive, consistent temporal coverage, and suitability for
analysing long-term landscape transformations (Wulder et al.,
2019).

Four reference years were used to represent the evolution
of land-use patterns within the study area. Landsat 5 TM imagery
was utilized for 1995, Landsat 7 ETM+ for 2005, and Landsat 8
OLI/TIRS imagery for 2015 and 2025. To minimize classification
uncertainty, images with low cloud cover were selected and
processed within the Google Earth Engine (GEE) environment
(Gorelick et al. 2017).

Land-use classification was performed using the Random
Forest (RF) algorithm, one of the most widely applied machine-
learning methods in remote sensing studies due to its high
classification accuracy and robustness when handling multi-
source datasets (Belgiu and Dragut 2016; Breiman 2001). Based
on training samples collected for each reference year, RF models
were developed to classify the imagery into five LULC
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categories: built-up land, agricultural land, forest land, water
bodies, and bare land.

To enhance spatial consistency among datasets, all
classified maps and explanatory variables were converted to a
common spatial resolution prior to analysis. The resulting LULC
maps constitute the primary input for subsequent change
detection and urban growth modelling procedures.

2.3. Variable Preparation and Selection

Urban growth is influenced by a combination of physical,
accessibility-related, environmental, and demographic factors.
Accordingly, a set of explanatory variables frequently employed
in urban growth modelling studies was prepared and evaluated
(Allen and Lu 2003; Hu and Lo 2007; Lesschen et al. 2005).

The initial variable pool consisted of nine variables
representing different dimensions of urban development: slope,
elevation, aspect, land capability, erosion risk, existing land
use/land cover (LULC), population distribution, distance to the
motorway, and distance to motorway interchanges. Topographic
variables were derived from Digital Elevation Model (DEM)
data, whereas land capability and erosion layers were obtained
from national spatial datasets. Accessibility variables were
generated using the motorway network and interchange locations.

Population distribution was represented through a
continuous population surface produced using the Inverse
Distance Weighting (IDW) interpolation technique. Unlike
administrative population statistics, the resulting surface provides
a spatially continuous representation of demographic pressure
and enables the integration of population dynamics into raster-
based modelling procedures.

All explanatory variables were converted into raster
format and standardized to a common spatial resolution.
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Subsequently, Weighted Linear Combination (WLC) and Pearson
correlation analyses were applied to evaluate variable
relationships and identify potential multicollinearity issues.
Variables exhibiting strong correlations were carefully assessed
to avoid redundancy within the modelling framework.

The final set of variables was determined based on their
theoretical relevance, statistical performance, and contribution to
explaining observed land-use transitions.

2.4. Urban Growth Modelling

The final stage of the framework involves the modelling
of land-use transitions and the simulation of future development
patterns. Urban growth modelling was conducted using logistic
regression, a widely applied approach in land-use change studies
due to its ability to quantify the relationships between observed
land-use transitions and explanatory variables while maintaining
a high degree of interpretability (Allen and Lu 2003; Hu and Lo
2007; Lesschen et al. 2005).

The modelling process consisted of three sequential steps:
(i) variable weighting and selection, (ii) construction of the
logistic regression model, and (iii) model validation. Together,
these procedures enabled the identification of the main drivers of
urban growth and the generation of future land-use scenarios.

2.4.1. Variable Weighting and Selection

To evaluate the relative importance of the explanatory
variables, the Analytic Hierarchy Process (AHP) was employed.
AHP provides a structured framework for comparing variables
through pairwise evaluations and deriving relative weights based
on expert knowledge and decision-making principles
(Malczewski 1999; Saaty 1977).

The weighting procedure included nine variables: slope,
elevation, aspect, land capability, erosion risk, existing land
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use/land cover, population distribution, distance to the motorway,
and distance to motorway interchanges. Pairwise comparisons
were conducted using Saaty’s nine-point scale, and consistency
was assessed through the Consistency Ratio (CR). The resulting
CR value remained within acceptable limits, indicating a
satisfactory level of consistency among the comparisons.

The analysis revealed that population distribution,
existing land-use conditions, and accessibility-related variables
constituted the most influential factors within the modelling
framework, whereas topographic variables generally received
lower weights. These results provided a quantitative basis for
variable prioritization and supported the subsequent selection of
explanatory variables for logistic regression modelling.

To further reduce redundancy among variables, Pearson
correlation analysis was performed following the AHP procedure.
Correlation coefficients indicated moderate relationships between
distance to motorway interchanges and distance to the motorway,
as well as between slope and elevation. Consequently, the final
variable set used in the logistic regression model consisted of
three variables: population distribution (IDW), distance to
motorway interchanges, and elevation. These variables were
selected based on their relative importance, low inter-correlation,
and ability to represent the primary demographic, accessibility,
and physical dimensions of urban growth.

2.4.2. Logistic Regression Model Construction

Among the various approaches used to model land-use
change, logistic regression remains one of the most widely
adopted techniques due to its ability to quantify relationships
between land-use transitions and explanatory variables while
maintaining a high degree of interpretability (Allen and Lu 2003;
Hu and Lo 2007; Wu and Yeh 1997).
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The method estimates the probability that a spatial unit
will experience a specific land-use transition. In urban growth
studies, this transition is typically defined as the conversion of
non-urban land into urban land. Consequently, logistic regression
provides a probability-based representation of urban expansion
and facilitates the identification of factors influencing
development patterns.

Logistic regression requires a binary dependent variable.
Therefore, land-use transitions are reclassified separately for each
land-use category prior to model calibration.

For each target class, a binary transition map is generated
in which:

e Cells that transition to the target land-use class are
assigned a value of 1;

e Cells that do not transition to the target land-use class are
assigned a value of 0.

This procedure is repeated for all land-use classes
included in the analysis. The resulting binary datasets constitute
the dependent variables used in the logistic regression models and
enable the estimation of transition probabilities for each land-use
category at the raster-cell level.

Logistic regression estimates the probability of urban
transition using a nonlinear logistic function that relates the
dependent variable to a set of explanatory variables. The general
form of the logistic function is expressed as:

1

f@ = 1+e7%

where f(z) represents the probability of occurrence of the
event of interest and z denotes the linear predictor.
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In urban growth modelling, the probability that a raster
cell will be converted to urban land is calculated as:

1
1 + e_(a"'Zic:]_ Bixi)

P (Y =1]|x1, %2, 00, X)) =

where:

e P (Y =1|xy,%5..,x,) Is the probability of urban
transition;

e «is the intercept term;

o Pirepresents the regression coefficient associated with the
i"" explanatory variable;

« xi denotes the value of i explanatory variable;
e ks the total number of explanatory variables;
e e s the base of the natural logarithm.

The model produces a probability value ranging from 0 to
1 for each raster cell. Higher probability values indicate a greater
likelihood of future urban development, whereas lower values
represent a lower potential for urban transition (Hu and Lo 2007,
Nong and Du 2011).

The modelling procedure was implemented using the
Modules for Land Use Change Evaluation (MOLUSCE) plugin
within the QGIS environment. MOLUSCE provides an integrated
platform for analysing historical land-use changes, incorporating
explanatory variables, calibrating logistic regression models, and
generating future land-use scenarios. Historical LULC maps and
the selected explanatory variables were jointly used to estimate
transition probabilities and simulate future land-use patterns.

The primary output of the modelling process is a set of
spatial probability surfaces representing the likelihood of
transition for each land-use class. These probability maps indicate
the relative susceptibility of individual raster cells to future land-

10



Sehir ve Bélge Planlama Alaninda Akademik Tartismalar

use change and provide a spatially explicit representation of
development potential. Beyond their predictive function,
probability surfaces offer valuable insights into the spatial
structure of land-use dynamics and support the identification of
areas exposed to future development pressure. Consequently,
they constitute an important analytical output for land-use
planning and decision-making processes.

2.4.3. Model Validation

Model performance was evaluated by comparing
simulated land-use maps with observed land-use conditions for
the corresponding reference year. Validation was conducted
using a confusion matrix approach, which quantifies the
agreement between simulated and observed land-use classes.

Table 3.1 presents the general structure of the confusion
matrix employed in the validation procedure. The diagonal
elements ((a), (f), (k), and (p)) represent correctly classified
pixels, whereas the off-diagonal elements indicate misclassified
pixels. The total number of observations is represented by (N).
For each land-use class, the values of True Positive (TP), True
Negative (TN), False Positive (FP), and False Negative (FN) can
be derived from the confusion matrix and subsequently used to
calculate class-specific and overall performance metrics.

Table 3.1 General structure of the confusion matrix.

Observed / Built-up Agricultural Forest

Predicted Land Land Land Bare Land Total
Built-up Land
(Predicted) a b c d a+b+c+d
Agricultural Land
(Predicted) e f 9 h etfgth
Forest Land . . -
(Predicted) i j k | i+j+k+
Bare Land
(Predicted) m n ° P m+n+ot+p
Total ate+i+m b+f+j+n c+g+k+o d+h+l+p N
The diagonal elements ((a), (), (k), and (p)) represent correctly predicted pixels, whereas the off-diagonal
elements indicate misclassified pixels. For class-specific accuracy assessment, the values of True Positive
(TP), True Negative (TN), False Positive (FP), and False Negative (FN) are derived separately for each
land-use class from the confusion matrix. The total number of observations is represented by (N).

11
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Based on the confusion matrix, Overall Accuracy (OA),
the Kappa coefficient, Producer’s Accuracy (PA), and User’s
Accuracy (UA) were calculated. Overall Accuracy measures the
proportion of correctly classified cells relative to the total number
of observations, whereas the Kappa coefficient evaluates
agreement beyond chance (Cohen Jacob 1960). Producer’s
Accuracy and User’s Accuracy provide class-specific
assessments of omission and commission errors, respectively.

In addition to statistical indicators, spatial validation was
performed to examine the geographical distribution of correctly
and incorrectly predicted cells. This procedure enables the
identification of spatial clusters of prediction errors and provides
additional insights into the spatial reliability of model outputs.

The combined use of statistical and spatial validation
measures allows for a comprehensive evaluation of model
performance by assessing both numerical agreement and
geographical consistency between simulated and observed land-
use patterns.

3. FRAMEWORK APPLICATION

To demonstrate the applicability of the proposed
methodology, the framework was implemented in the izmir—
Denizli Motorway corridor in western Turkiye. The study area
provides an appropriate testing environment due to its long-term
exposure to transportation investments, diverse land-use
characteristics, and observable urban growth patterns.

The implementation process followed the methodological
workflow presented in Figure 2.1. Multi-temporal satellite
imagery was first used to generate LULC maps representing
different stages of development within the corridor.
Subsequently, explanatory variables describing topographic

12
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conditions,  accessibility  characteristics,  environmental
suitability, and demographic dynamics were prepared and
standardized within a GIS environment. Following variable
weighting and selection procedures, logistic regression models
were developed to estimate transition probabilities and simulate
future land-use patterns.

The application demonstrated the capability of the
framework to integrate heterogeneous spatial datasets within a
single modelling environment. By combining remotely sensed
observations with spatial explanatory variables, the framework
enables the investigation of both historical land-use dynamics and
the factors associated with urban growth processes. In addition,
the modelling procedure allows the generation of spatially
explicit probability surfaces that can support future land-use
simulations and scenario development.

Rather than focusing exclusively on land-use change
detection, the framework provides a broader analytical
perspective by linking observed spatial transformations to
demographic, accessibility-related, and environmental drivers.
This integrated structure contributes to a more comprehensive
understanding of urban growth processes and facilitates the
identification of areas potentially exposed to future development
pressure.

The outputs generated through the framework include
multi-temporal LULC maps, explanatory variable layers, variable
importance assessments, transition probability surfaces, model
validation metrics, and future land-use scenarios. Together, these
outputs provide a comprehensive basis for evaluating urban
growth dynamics and supporting planning and land management
decisions in transportation corridors.

13
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3.1. Key Observations from the Application

The implementation of the proposed framework revealed
several patterns that demonstrate its analytical capabilities. The
generated LULC maps indicated substantial changes in land-use
composition throughout the study period. Between 1995 and
2025, the proportion of built-up land increased from
approximately 9% to 20% of the study area, while agricultural
land decreased from 34% to 30%. Forest land exhibited a
relatively limited decline from 31% to 29%, whereas bare land
decreased from 26% to 21%.

The analysis further highlighted the role of accessibility
and demographic dynamics in shaping urban growth patterns.
Variable weighting and selection procedures consistently
identified population distribution, accessibility to motorway
interchanges, and elevation as influential factors explaining
observed land-use transitions. These findings support the
importance of integrating demographic, physical, and
transportation-related variables within urban growth modelling
frameworks.

In addition to quantifying overall land-use changes, the
framework enabled the identification of broader transition
dynamics. Results indicated that urban expansion frequently
occurred through intermediate transformation stages rather than
direct land-use conversion processes. Such patterns illustrate the
capacity of the proposed framework to capture complex spatial
transformation  processes associated with transportation
infrastructure development.

Model validation results demonstrated a satisfactory level
of agreement between simulated and observed land-use patterns.
Overall Accuracy values exceeded 80%, while Kappa statistics
indicated substantial agreement, suggesting that the selected

14
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modelling structure was capable of reproducing the major spatial
trends observed within the study area.

These observations are presented solely to illustrate the
analytical outputs generated by the framework. Detailed
interpretation of land-use change patterns and their implications
falls beyond the scope of this methodological chapter.

3.2. Planning Implications

Beyond its methodological contribution, the proposed
framework provides practical insights for spatial planning and
land management. The integration of remote sensing, GIS,
demographic information, and transportation-related variables
enables the identification of areas exposed to future development
pressure and supports the evaluation of alternative growth
scenarios.

Particularly  in  transportation  corridors,  where
accessibility improvements frequently stimulate urban expansion,
modelling outputs can assist planners in identifying vulnerable
agricultural and natural areas before irreversible land-use changes
occur. The framework also facilitates the assessment of potential
interactions between transportation investments and surrounding
land-use systems, contributing to more informed planning
decisions.

Furthermore, the ability to generate spatially explicit
probability surfaces offers valuable support for growth
management strategies, agricultural land protection policies, and
sustainable development initiatives. By linking observed land-use
changes with their underlying drivers, the framework provides a
basis for proactive planning approaches rather than reactive
responses to ongoing urban expansion.

Although the methodology was demonstrated using the
[zmir-Denizli Motorway corridor, its reliance on widely

15
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available spatial datasets and transferable analytical procedures
allows adaptation to different geographical contexts.
Consequently, the framework may serve as a useful decision-
support tool for researchers, planners, and policymakers
concerned with urban growth and land-use change in
transportation corridors.

4. CONCLUSION

This chapter presented an integrated framework for
analysing urban growth and future land-use change in
transportation corridors through the combined use of remote
sensing, Geographic Information Systems (GIS), multi-criteria
evaluation, and logistic regression modelling. By integrating
multi-temporal LULC data with demographic, environmental,
and accessibility-related variables, the framework provides a
systematic approach for investigating the spatial processes
underlying urban expansion.

The application conducted in the izmir-Denizli Motorway
corridor demonstrated the operational capacity of the framework
to identify historical land-use dynamics, evaluate the factors
associated with urban growth, and generate future land-use
scenarios. The results confirmed the importance of accessibility
and demographic variables in explaining observed land-use
transformations and highlighted the potential of the framework
for supporting planning and land management processes.

One of the principal strengths of the proposed approach is
its reliance on widely accessible datasets and transferable
analytical procedures. The use of Landsat imagery, digital
elevation models, population data, and transportation network
information allows the methodology to be implemented in
different geographical contexts and at various spatial scales.
Moreover, cloud-based processing environments facilitate

16
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reproducibility and improve the efficiency of data processing and
model development.

Despite these advantages, the framework remains
dependent on the quality of available datasets and the selection of
explanatory variables. Future studies may improve model
performance through the incorporation of additional
socioeconomic, institutional, and policy-related variables that
influence urban growth dynamics.

Overall, the proposed framework offers a practical and
replicable methodology for analysing land-use change and urban
growth in transportation corridors. By combining remote sensing,
GIS, and statistical modelling techniques within a unified
analytical structure, it provides a valuable tool for both academic
research and planning practice.

17
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KENTSEL ULASIM AGI TOPOLOJISi VE
ERISILEBILIRLIK ILISKiSi: TORBALI
ORNEGI

Halil TOPCU!
Umut ERDEM?

1. GIRIS

Erisilebilirlik, sadece toplumun giinliik hareketliligini
degil, ayn1 zamanda afet veya acil durumlarda kritik hizmetlerin
stirekliligini de etkileyen kentsel sistemlerin temel boyutlarindan
biridir. Ulasim aglarinin islevliligi, saghk, yesil, afet toplanma
alanlari, kamusal ve diger kentsel donatilara erigimi direkt
etkilemektedir. Dolayisiyla yollarin gérece onemini ve kentsel
aglardaki rollinii anlamak, direnc¢li kent plan1 ve afet yonetimi
baglaminda giderek 6nemli hale gelmistir.

Kentsel ulasim sistemleri, kentin genel erisilebilirligini
belirleyen birbirine bagli yollar ve diigiim noktalarindan olusan
karmagik aglardir. Stratejik olarak 6nemli yollarin hasar almasi
ile, kent igi bolgelerin, hatta kentin diger kentlerden izole olma
durumu, gecikmis acil midahale, saglik gibi kritik hizmetlere
smirli erisim, afet gibi durumlarda ise tahliye / yardim
operasyonlarinin kesintiye ugramasi da dahil olmak iizere ciddi
sonuclar ortaya c¢ikabilmektedir. Bu nedenle kritik yol
segmentlerini  belirlemek ve potansiyel kesinti akslarinin
savunmasizliklarina kars1 risk yonetimi hazirlamak esastir.

Yiksek Lisans Ogrencisi, [zmir Demokrasi Universitesi, Mimarlik Fakiiltesi, Sehir
ve Bélge Planlama Bé&liimii, ORCID: 0009-0009-3366-179X.
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Onemli ve erisimi kapanma potansiyeli olan yollarin tespit edilip,
kentsel altyap1 sistemlerinin siirekliligi ve esnekligi saglanmasi
icin 6nlem alinmasi gerekmektedir. Bu baglamda cografi bilgi
sistemleri yazilimi olan ArcGIS, mekansal ag analizlerine ve
ulasim aglarmin erisilebilirlik performansiin hesaplanmasina
olanak saglamaktadir (Miller, 1991). Buna ek olarak, Rhinocross
(Rhino 8) ile “UNA Tools” (Urban Network Analyst) kentsel ag
analiz aracmnin entegre kullanimi, kentsel erisilebilirlik
performansinin degerlendirilmesinde kilit rol oynayabilmektedir.
Bina, donati1 ve yol ag1 veri kiimeleri ile gergeklestirilen analizler
ile hem kentsel erisilebilirlik eksiklikleri hem de kentsel
fonksiyonlarin bagimli oldugu ulasim koridorlar: tespit edilebilir.

Calismanin amaci, kentsel yasam alanindaki yol aglarinin
onemini hesaplayarak, afet gibi olas1 bir acil durumda ulagim
agmin kirillganligr tespit etmek, akabinde de O6nem derecesi
yiiksek, afet sonrasi erisilebilirligi ise kritik yollar1 da referans
alan afet yonetimi / acil miidahale planlarina katkida bulunmaktir.
Erisilebilirlik analizlerinden farkli olarak gerceklestirilen yol
o6nemi analizleri, Graf Teorisi’nden tiretilmis, Python temelli
hesaplanmis ag metrikleridir. Hesaplamada, yollarin birbirine
baglanma sayilari, diigim noktalari, cephe genislikleri,
uzunluklar1 ve kademeleri parametre olarak belirlenmistir.
Calisma kapsaminda referans aliman afet sonrast durum,
depremdir. Dolayisiyla calismalara deprem simiilasyonu
eklenmis, binalarin enkaz yayilimlar1 hesaplanarak olasi afet
sonrasi kapanma riski olan yollar, énemli yollar ve diigiim
noktalar1 tespit edilmistir.

Tespit edilen énemli yollar toplam 209 adettir. Afet
durumunda kapanan yollar ise 678 adetken, bu kapanan yollarin
68’1 (yaklasik %10) 6nemli olarak tespit edilen yollardir.
Dolayisiyla incelenen kullanimlara erisimde (hastane, aile saglik
merkezi, afet toplanma alani, yesil alan) ciddi oranda erisim kaybi
yasanmakta, kentin %70’lik bir kesimi izole kalmaktadir.
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Dolayisiyla, tespit edilen dnemli akslar referans alinarak, bir
miidahale / afet yoOnetimi plam1 yapilmasi gereklidir. Aksi
takdirde, yasanacak olas1 bir afet sonrasinda kent, ana ulasim
akslarin1 kaybetme, hizmetlere erisim saglayamama, hem kent ici
hem ceper kentlerle bir izolasyon silrecine girme riski
tagimaktadir.

2. KENTSEL ERISILIEBILIRLIK VE AFET

Kentler, ulasim gibi islevsel altyap1 ve sosyal bilesenlerin
dinamik etkilesimine bagli oldugu karmasik sosyo-mekéansal
sistemlerdir. Kentsel planlamada, mekansal baglanti ile afet
riskini azaltma arasindaki bag, kentsel dayanmikliligin temel
parametrelerindendir. Bu baglamda kentsel/mekansal planlar,
afet ve afet sonrast durum da referans almarak
gerceklestirilmelidir.

2.1. Erisilebilirlik Nedir

Erisilebilirlik, belirli bir mekansal sistemin etkilesim
firsatlar1 ve potansiyelleri olarak tanimlanabilmektedir (Hansen,
1959). Erisilebilirlik farkli perspektiflerde degerlendirilebilmekle
birlikte, ayrica, belirli bir ulasim modu (yaya, ara¢ vs.)
kullanilarak belirli bir konumdan herhangi bir fonksiyona
ulasmanin kolayliligim1 da ifade etmektedir (Dalvi & Martin,
1976).

Kentsel planlamada erisilebilirlik, basit bir yakinlik
kavramindan ziyade, mekanin direncinin asilmasiyla iliskili, bir
yerin dogasinda olan bir 6zelliktir (Ingram, 1971). Bir mekanin
erigilebilirligi, o mekanin islevselligini, fonksiyonelligini ve
potansiyelini de etkileyebilmektedir. Bu diren¢ ya da mekéansal
engel ise, gilinlik hareketliligi kolaylastirma konusundaki
sistematik yetenegi belirlemektedir. Bu bakis agisi, odak
noktasini mesafeden oteye tasimaktadir. Bu baglamda modern
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aragtirmalar, erisilebilirligin ¢ok boyutlu oldugunu, arazi
kullanimlarimni, ulagim olanaklarini, zamansal kisitlar1 ve bireysel
ihtiyaclart entegre ettigini savunmaktadir (Enderami ve ark,
2024; Geurs & van Wee, 2004). Dolaysiyla erisilebilirlik,
toplumsal, sosyal ve ekonomik boyutlariyla ele alinmalidir.
Erisilebilirligi tanimlamak i¢in, ulagim altyapisinin toplumun
sosyal ve ekonomik hedeflerini nasil destekledigine dair kapsamli
bir anlayis gerektirmektedir (Miller, 2018).

2.2. Afet Nedir

Afetler kentsel baglam genelinde, yapili ¢evre iizerinde
yiker etki potansiyeli tastyan, diisiik olasilikli ve yiiksek sonuglu
olaylar olarak siniflandirilmaktadir (Koren & Rus, 2025). Bu tur
olaylar, kentin omurgasinda ani bir islevsel sok teskil eder. Bu
soklar genellikle, bir altyap: bileseninin hasarlanmasi (genelde
kentin ana aksi) ile sosyal ve ekonomik aksakliklara yol agtigi
zincirleme etkileri tetikleyebilmektedir (Wassmer, Merz &
Marvan, 2024). Bu zincirleme reaksiyon, birbirine bagli kentsel
aglarin agir1 kirllganhigimi gostermektedir.

Sonug olarak, bir afet sadece yapisal hasar durumu degil,
kentin afeti sonimleme kapasitesini zorlayan, kritik hizmet
akislarinin askiya alinmasi ve kentsel yasamin aksamasidir.
Sonlimleme kapasitesi, yani direnglilik ise temel islevlerin
korunmasi, yedeklilik, kaynak ve hizli iyilesme kavramlarinin
bileskesi olarak degerlendirilebilmektedir (Bruneau ve ark,
2003). Bu olaylara yonelik planlama, uzun vadeli toplumun
refahin1 saglamak i¢in belirsizlik senaryolarni yonetmeyi
icermektedir  (Tariverdi, Nunez-del-Prado, Leonova, &
Rentschler, 2023). Proaktif yonetim sayesinde, kentsel sistemler
bu tir feci soklarin ardindan iyilesme kabiliyetlerini
artirabilmektedir.
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2.3. Afet Durumunda Erisilebilirlik

Afet durumunda kentsel ag, toplumun 6nemli bir kisminin
hayati hizmetlere erisimini kaybetmesine neden olan ciddi bir
parcalanma strecine girebilmektedir. Afet olarak deprem referans
alindiginda, bina enkazlar1 yol erisimini kisitlayabilmekte ve
etkilenen bolgelerin fiziksel olarak izole olmasina neden
olabilmektedir (Koren & Rus, 2025). Bu fonksiyonel kirtlganlik,
enkaz yayilliminin mevcut ag topolojisini bozmasiyla ortaya
¢ikmaktadir (Golla, Bhattacharya & Gupta, 2020). S0z konusu
fiziksel engeller, kentsel agi birbirinden kopuk bagimsiz
elemanlara doniistlirerek temel hizmet diigiim noktalarini cografi
olarak erisilemez hale getirebilmektedir (E1-Maissi, Argyroudis,
Kassem, Leong & Nazri, 2022). Ana arterlerin erisilemez olmasi,
ag topolojisini radikal oranda degistirebilmekte, bir kesimi
sistemden izole ederken afet sonrasi iyilesme siirecini de
etkileyebilmektedir. Bu baglamda acil miidahale operasyonlar
icin 6nemli yol aks1 — mekansal direng iliskisi maksimize edilerek
fonksiyonel ve islevsel kirtlganlik degerlendirilmelidir.

Kentsel yasamda stratejik oneme sahip yollar, kritik bir
darbogaz haline doniisebilmektedir (Wassmer ve ark., 2024).
Stratejik  bolgelerin  izole olmasi, mekansal empedansi
artirmaktadir.  Bu  baglamda  ambulans ve  yardim
operasyonlarinda  gecikmeler  meydana  gelebilmektedir
(Petricola, Reinmuth, Lautenbach, Hatfield, & Zipf, 2022;
Rasulo, Nardoianni, Evangelisti, & D’Apuzzo, 2023). Bu kritik
baglantilarin  6nceden tespit edilmesi, direncgli tahliye
koridorlarmin olusturulmasi igin temel bir gerekliliktir (Pei, Zhal,
Hu, Liu, & Song, 2023). Mekansal direngteki bu artis, genellikle
seyehat stirelerinin sifira ve sifira yakin seviyelere diistiigli ve
yiiksek yogunluklu konut alanlarinin izole oldugu “en kotl afet
senaryolarina” neden olmaktadir. Dolayisiyla, yerel diizeydeki
risklerin tespit edilmesi, biiyiik dl¢ekli sorunlarin dnlenebilme
potansiyelini artirmaktadir (Wassmer ve ark., 2024).
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2.4. Biitiinlesik Yaklasimm Onemi

Kapsamli afet yonetimi, hem fiziksel yap1 hasarint hem de
islevsel ag performansini entegre etmeyi gerektirmektedir. Bu
entegrasyon, plancilarin statik fiziksel degerlendirmelerin tesine
gecerek bir kentin soniimleme kapasitesini algilamalarini saglar.

Mevcut midahale — afet yonetim planlarinin biiyiik
cogunlugu, afet durumunda ulagim aglarinin kullanabilecegini
referans alarak hazirlanmistir. Oysa, afet sonrasi durumda erisim
kaybina ugrayan akslar olabilmektedir. Graf teorisine dayali
Olciitler (yol aks1 ve diiglim noktalari) uygulanarak, afet oncesi
erisim durumu ile afet sonrasi - iyilesme siirecindeki erisim
durumu karsilastirilarak nicel olarak incelenebilmektedir. Boylesi
biitlinciil bir metodoloji, hasar gormiis ulasim ag1 i¢cindeki gercek
zaman-maliyet kayiplarini yansitan, izokronlar1 haritalandirarak,
hizmetlerden  yeterince yararlanamayan bolgeleri  tespit
etmektedir. Dolayisiyla bu simulasyonlar, afet durumunda
erisilebilirlik islevini kaybeden yollarin tespit edilmesine olanak
saglamaktadir. Bu baglamda savunmasiz kalabilecek kentsel
bolgeler 6nceliklendirilerek, altyap: temelli bir risk sakinim plani
veya bir revize bir kent plan1 yapilmasi gerekebilir.

3. METODOLOJI

Calismalar, Izmir’in Torbali ilgesinin kent merkezine
odaklanmaktadir. Veri hazirlama, Python — VS Code — ArcGIS —
Rhino yazilim temelli erisilebilirlik ve O©nem analizleri
asamalarindan olusan ¢aligma, afet risk yonetim plani, ulagim
plan1 ve miidahale operasyon planlarina somut katki sunmayi1
hedeflemekte, dolayisiyla denetlenebilir ve benzer caligmalara
uygulanabilir olmasi amaciyla acik erisim kaynaklara
dayanmaktadir.
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3.1. Cahisma Alam

Torbali, son yillarda hizli niifus artis1 ve kentsel genigleme
yasayarak Izmir metropol bolgesinin dnemli sanayi ve yerlesim
alt merkezlerinden biri haline gelmistir. Izmir’in 45 kilometre
glineydogusunda olan il¢e, 6nemli ulasim koridorlari tizerindeki
stratejik konumu ve giderek gelisen fonksiyonel yogunlugu
nedeniyle, bdlgesel erisilebilirligin  ve sosyo-ekonomik
stirekliligin saglanmasinda 6nemli bir rol oynamaktadir.

Torbali se¢ilmesinin baglica nedenlerinden biri, bdlgenin
cok sayida dogal afete maruz kalmast ve devam eden
kentlesmeyle birlikte artan kirilganligidir. Bolgedeki aktif fay
hatlari, kentin kirsal ¢eperinde 3 — 4 metreye varan yariklar
acabilmektedir. Onceki ¢alismalar, Torbali’nin kalm aliivyon
birikintileri ve diisilk zemin tasima kapasitesi ile karakterize
oldugunu, bu kosullarin sismik biiyiime ve depreme bagli hasara
yatkinligini artirdigini vurgulamaktadir (Demir & Karatas, 2024).
Avyrica ilge, sel ve erozyon gibi afetlere maruz kalabilmekte ve
dolayisiyla afete duyarli planlama yaklasimlarina ihtiyag duyan
bir bolgedir.

Afet riski barindiran ve stratejik ulagim agina sahip olan
Torbali, olas1 afet sonrasi enkaz yayilimi ile kentin genel
erisilebilirligini kaybetmeye yatkin ilgedir. Dolayisiyla kent
merkezi, erisilebilirlik, yol ©nem derecesi ve afet direnci
arasindaki iliskinin incelenebilmesi i¢in 6nemli bir 6rnek teskil
etmektedir.

3.2. Veri

Veriler, dijital olarak toplanip vektdr veri halinde
derlenmistir. Erisilebilirlik ve calismanin ana odagi olan yol
onem analizi i¢in ihtiya¢ duyulan yol ag1 ve ¢alismada “base-
station” iglevleri goren bina kiitleleri — donatilar, agik erisim Over
Pass Turbo yazilimindan tahsis edilmistir. Caligma alani
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icerisinde 2717 yol aksi, 7581 yapu kiitlesi, 2 hastane, 9 aile saglik
merkezi, 35 yesil alan ve 49 afet toplanma alan1 mevcuttur.

3.3. YOontem

Deprem, sel, heyelan ve benzeri afetler sonrasinda saglik
hizmetleri, arama-kurtarma faaliyetleri, tahliye operasyonlar1 ve
lojistik destek siire¢lerinin siirdiiriilebilirligi biiyiik dl¢lide ulasim
aglarinin  iglevselligine baghdir. Bu nedenle, yol aglan
icerisindeki kritik giizergahlarin belirlenmesi ve yol Onem
derecelerinin ortaya konulmasi, ulasim planlamasi ve kentsel
dayaniklilik ¢aligmalarinda 6nemli bir arastirma alani haline
gelmistir. Yol onem derecesinin belirlenmesi, yalnizca fiziksel
ozelliklerin degerlendirilmesiyle sinirli olmayip, ayni zamanda
yol agmin topolojik yapisini ve kullanim karakteristiklerini de
iceren cok kriterli bir yaklagim1 gerektirmektedir.

Calisma  kapsaminda, yol  6nem  derecesinin
hesaplanmasinda oncelikle ¢izgisel formatta bulunan yol verileri
(line/.shp), Cografi Bilgi Sistemleri (CBS) ortamindan elde
edilerek Python programlama dili ve NetworkX Kkitiphanesi
yardimiyla matematiksel bir ag yapisina doniistiiriilmektedir. Bu
asamada kod diizenleme ve komut girme islevi icin VS Code
yazilimi1 ¢aligmaya dahil edilmistir (Sekil 1). Olusturulan ag
modeli sayesinde hem kavsak noktalarmin hem de yol
segmentlerinin ag igerisindeki goreli Onemleri merkeziyet
Ol¢iileri yardimiyla degerlendirilebilmektedir.

Yol onem derecesinin belirlenmesinde kullanilan
parametreler, ulagim sisteminin hem yapisal hem de islevsel
ozelliklerini temsil edecek sekilde secilmektedir. Yol genisligi,
acil durum araclarinin hareket kabiliyeti ve tasima kapasitesi
acisindan 6nemli bir fiziksel kriter olarak degerlendirilirken yol
uzunlugu ise ulagim stireleri ve erisilebilirlik diizeyi ilizerinde
etkili olmas1 nedeniyle analize dahil edilmektedir. Ayrica tercih
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edilen yollar, giinliik kullanim yogunlugunu ve islevsel 6nemi
yansitan parametreler olarak dikkate alinmaktadir.

Belirlenen parametreler normalize edilerek agirlikli bir
degerlendirme modeli igerisinde bir araya getirilmektedir. Bu
kapsamda ag icerisindeki onem diizeyi yol genisligi %40, yol
uzunlugu %35 ve tercih edilen aks ise %25 oraninda
agirliklandiridmaktadir. Bu agirliklarin bir araya getirilmesi
sonucunda her bir yol segmenti i¢in 0 ile 1 arasinda degisen bir
yol 6nem skoru hesaplanmaktadir. Elde edilen yiiksek 6nem
degerleri, ilgili yol segmentlerinin ulasim sistemi ag¢isindan
stratejik bir konuma sahip oldugunu ve sistemin siirekliligi
bakimindan kritik rol oynadigin1 géstermektedir.

Gergeklestirilen analiz sonucunda farkli amaclara hizmet
eden cesitli veri katmanlar1 iiretilmektedir. Ik olarak, kavsak
noktalarinin ag icerisindeki konumlarini ve merkeziyet
ozelliklerini gosteren diigiim katmani olusturulmaktadir. Ikinci
asamada, yol segmentlerine ait 6nem derecelerini iceren ¢izgisel
katman olusturulmakta ve her bir yol i¢in hesaplanan Gnem
skorlar1 Oznitelik tablosuna aktarilmaktadir. Son olarak, onem
degeri en yiiksek olan yol segmentleri segilerek kritik yol agi
katmani elde edilmektedir. Bu katman, ulasim sisteminin
omurgasini olusturan ve islevselligin siirdiiriilebilmesi agisindan
oncelikli olarak korunmasi gereken yollar1 temsil etmektedir.

4. BULGU

Bu calisma kapsaminda, Torbali’nin kentsel ulasim
agindaki 6nem — iglev hiyerarsisi, akabinde de olas1 afet (deprem)
similasyonunda kent igi erisilebilirligin kirilganhigi analiz
edilmistir. Dijital veriler, ArcGIS, Rhinocross, VS Code
yazilimlarmin entegre kullanilmasi ile islenmistir (Sekil 1).
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Sekil 1. Calisma siireci yazihm kullanimu.

Not: Rhinocross, ArcGIS, VS Code.

Calismanin birincil odagi, yol énem derecelerini tespit
etmektir. Bu baglamda analizler gerceklestirilip deprem
simulasyonu kurgulanmistir.

Yol 6nem derecesi analizi sonucu, kent i¢erisinde, alanin
yogun trafik akigini listlenen 209 dilimden olusmak iizere 7 ana
aks tespit edilmistir (Sekil 2). Bu akslar, kent merkezi olarak
nitelendirilebilen “Torbali Belediye Meydani1” etrafinda bir ¢ceper
olusturmaktadir.
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Sekil 2. Yol 6nem derecesi.

Not. Yazarlar tarafindan Python, VS Code, ArcGIS ortaminda iiretilmistir.
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Deprem simiilasyonu, binalarin kat adetlerine gore enkaz
yayilim ¢apinin hesaplanmasi ile (h/2), yollarin kapanma durumu
referans almarak, ilgili yollarin network veri setinden
cikarilmasiyla gergeklestirilmistir (Sekil 3). Bu senaryoda
kapanan yollar arasinda, “onemli” olarak nitelendirilen akslarin
mevcutlugu kontrol edilmistir.

Legend

Road

Inaccessible Road
Bayindir —— Critical Paths
e Building

Building Debris Spread

Critical Nodes

N
Turkey
Izmir / Torbali

e

Y L b
o T TN
Sekil 3. Afet senaryosu ve yol ag1 durumu.

Not. Yazarlar tarafindan ArcGIS ortaminda iiretilmistir.

Calisma alanina afet olarak deprem simiile edildiginde,
gerek yiiksek kathi binalarm yogunlugu gerek 6nemli ulasim
akslarini bu boélgeler ¢eperinde olusu sebebiyle, kent i¢i ulagim
aginin %25.2’si erigilemez hale gelmektedir. Bu sayi, mevcut
ulasim aginmn igerisindeki erisime kapanan yollarin sayisidir
(2717 yol aksindan 685’i). Dolayisiyla, kent i¢i genel erisim
%70.8’lik bir kayba maruz kalmaktadir. Afet 6ncesi genel erigim,
ArcGIS ve Rhinocross yazilim temelli gergeklestirilen ag
analizleri paralelinde Sekil 4, 5, 6, 7°deki gibidir.
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Sekil 4. Hastane erisilebilirligi.

Not. Yazarlar tarafindan ArcGIS (sol gorsel) ve Rhinocross ( sag gorsel)
ortaminda iiretilmistir.

Lagend Legend
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Sekil 5. Aile saghk merkezi erisilebilirligi.

Not. Yazarlar tarafindan ArcGIS (sol gorsel) ve Rhinocross ( sag gorsel)
ortaminda iiretilmistir.
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Sekil 6. Afet toplanma alam erisilebilirligi.
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Not. Yazarlar tarafindan ArcGIS (sol gorsel) ve Rhinocross ( sag gorsel)
ortaminda iiretilmistir.

Lagend Legend
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Sekil 7. Yesil alan erisilebilirligi.

Not. Yazarlar tarafindan ArcGIS (sol gorsel) ve Rhinocross ( sag gorsel)
ortaminda iiretilmistir.

Afet enkazinda, tespit edilen Onemli yollardan 67’si
erisime kapanmistir. Bu yollar, kent i¢i ulagim yiikiinii
karsilamasinin yani sira, diger yol akslarmi1 da birbirine
baglamaktadir. Dolayisiyla, kent ici erisim kaybi, 67’yol
diliminden (yaklasik yol aginin %25.2°si) ¢ok daha fazla oldugu
tespit edilmistir. Afet sonrasi erisim kaybini ortaya koyan
analizler Sekil 8, 9, 10, 11°de sunulmustur.

Turkey
fammie  Forbail

Sekil 8. Afet sonras1 hastane erisilebilirligi.

Not. Yazarlar tarafindan ArcGIS (sol gorsel) ve Rhinocross ( sag gorsel)
ortaminda iiretilmistir.
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Legend
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Sekil 9. Afet sonrasi aile saglik merkezi erisilebilirligi.
Not. Yazarlar tarafindan ArcGIS (sol gorsel) ve Rhinocross ( sag gorsel)

ortaminda iiretilmistir.
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Sekil 10. Afet sonrasi afet toplanma alani erisilebilirligi.
ArcGIS (sol gorsel) ve Rhinocross ( sag gorsel)

Not. Yazarlar tarafindan
ortaminda tiretilmistir.
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Sekil 11. Afet sonrasi yesil alan erisilebilirligi.
Not. Yazarlar tarafindan ArcGIS (sol gorsel) ve Rhinocross ( sag gorsel)

ortaminda iiretilmistir.
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Analizler, yap1 bazli erisim olarak kurgulanmis, bu
baglamda 7581 yapinin, 3457’si hastaneye erisim saglarken afet
sonrast bu say1 1430 yapiya diismiistiir. Bu sayilar aile saglik
merkezinde 5205’ten 1991, afet toplanma alanlarinda 6140’tan
4146 ve yesil alanlara erisimde 5921°den 3838 yap1 seklinde
tespit edilmistir. Erisim kaybmin, kent geneline yayildigi
gozlemlenirken, merkez mevkiinin diger bolgelere kiyasla
direngli oldugu tespit edilmistir. Kent i¢i erisim kaybinin radikal
duzeyde olma sebebi, 6nemli yol akslarinin, stratejik konumda
yer almasi, kent i¢i ulasimi tagima gorevini iistlenmesindendir.

5. SONUC VE TARTISMA

Calismada, “Kentsel ulasim aginda islevsel bir hiyerarsi
var mi, afet durumunda bu akslarin hasar alip erisilemez hale
gelmesi durumunda kent ici kritik kullanimlara erisim nasil
sekillenir?” sorusuna yanit aranmistir. Calismanin bulgulari,
Torbali’nin kent merkezine hizmet eden 7 ana 6nemli yol aksinin
oldugunu ortaya koymaktadir. Bu akslar dilim olarak
degerlendirildiginde ise 209 adettir. Yol 6nem derecesi analizleri
paralelinde tespit edilen bu akslar, bilinen yol kademelenmesi
haricinde diigiim, baglanti1 sayilari, tercih edilebilirlik oranlari
gibi nitelikler sebebiyle kent i¢i ulagim agmnin omurgasi
niteligindedir. Bulgular, 6nemli olarak tespit edilen akslarin
%10’unun erisim kaybina ugrayabilecegini, dolayisiyla kent igi
ulasim  tipolojisinin ani $ok sonucu radikal oranda
degisebilecegini gdstermektedir.

Elde edilen sonuglar, afet yonetimi, acil durum lojistigi,
tahliye planlamasi, kritik altyap1 yonetimi, saglik hizmetlerine
erigilebilirlik analizleri, arama-kurtarma faaliyetleri ve ulasim
sistemlerinin dayaniklilik degerlendirmeleri gibi birgok alanda
kullanilabilmektedir. Ozellikle deprem sonrasi senaryolarda,
yuksek 6nem derecesine sahip yollarin agik tutulmasi, enkaz
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kaldirma c¢aligmalarinda oncelikli olarak degerlendirilmesi ve
alternatif giizergahlarin belirlenmesi agisindan bu tiir analizler
onemli katkilar saglamaktadir. Bunun yani sira, ag teorisi ile
cografi bilgi sistemlerinin biitiinlesik kullanimma dayanan bu
yaklasim, kentlerin ulasim dayanikliliginin degerlendirilmesi ve
gelecekteki planlama siireclerinde kritik koridorlarin belirlenmesi
amaciyla kullanilabilecek kapsamli bir karar destek mekanizmasi
sunmaktadir.
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RISK ASSESSMENT AND RESILIENCE
EVALUATION OF INTERIOR FINISHING
MATERIALS IN EARTHQUAKE-PRONE
RESIDENTIAL BUILDINGS: AN AHP-
ENTROPY MULTI-CRITERIA ANALYSIS IN
TEHRAN

Ali KEMER!

1. INTRODUCTION

Earthquakes rank among the most devastating natural
disasters facing densely populated cities globally. Tehran, home
to over 9.5 million people, is considered one of the world's most
seismically hazardous capitals, surrounded by the North Tehran,
Mosha, and Rey Faults. Geophysical estimates suggest a
maximum credible earthquake of Mw 7.5-7.8 could occur on any
of these faults within the coming century. Past Iranian
earthquakes — including the 1990 Manjil-Rudbar (Mw 7.4),
2003 Bam (Mw 6.6), and 2017 Sarpol-e Zahab (Mw 7.3) — have
starkly illustrated the toll of insufficient seismic preparedness in
residential construction.

Recent scholarship in earthquake engineering has
broadened its focus beyond structural collapse to encompass non-
structural components (NSCs), which constitute 60-80% of total
building value in modern residences and account for the majority
of casualties in moderate seismic events. Interior finishing
materials — including ceramic tiles, gypsum board systems,

L Dr. Ogr. Gor. Istanbul Aydin University, Department of Interior Architecture,
ORCID: 0009-0000-4417-3948.
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suspended ceilings, partition glazing, timber veneers, and
decorative stone cladding — represent a notably understudied
subset of NSCs. When these materials fail during earthquakes,
they create projectile hazards, block evacuation routes, cause
secondary injuries, and often render structurally intact buildings
uninhabitable.

Yet Iranian building regulations, chiefly Standard 2800
(4th Edition), focus predominantly on structural elements,
offering minimal prescriptive guidance on interior material
selection for seismic contexts. This gap is further widened by a
construction market where interior material choices are typically
driven by aesthetics and cost over seismic performance — a
pattern well-documented across the Global South.

Multi-Criteria Decision Analysis (MCDA) has gained
traction as a robust approach to complex decision-making in the
built environment, enabling simultaneous assessment of
technical, economic, and safety-related criteria. The Analytic
Hierarchy Process (AHP), developed by Saaty, offers a structured
pairwise comparison method for deriving criterion weights from
expert input. The Entropy-based weighting method, rooted in
Shannon's information theory, complements AHP by extracting
objective weights from data variability, thereby reducing
subjective bias. Their hybrid combination — referred to here as
AHP-Entropy MCDA — synthesises expert knowledge with
empirical evidence and is increasingly applied in construction
material evaluation.

This paper fills an identified research gap by applying an
AHP-Entropy MCDA framework to evaluate the seismic risk and
resilience of seven commonly used interior finishing materials in
Tehran's residential buildings. Three objectives guide the study:
(i) developing a comprehensive multi-criteria risk index for
interior materials under seismic conditions; (ii) identifying
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materials with the highest composite risk profiles in Tehran's
housing  stock; and  (iii) offering evidence-based
recommendations for material standards, retrofit policies, and
indoor environment guidelines in earthquake-prone urban
settings.

The paper proceeds as follows: Section 2 reviews
literature on the seismic performance of non-structural interior
components and MCDA applications in building material
assessment. Section 3 outlines the study context, data collection,
and modelling approach. Section 4 presents quantitative results
including criterion weights, risk indices, and resilience rankings.
Section 5 discusses findings and policy implications, and Section
6 addresses limitations and future research directions.

2. LITERATURE REVIEW

2.1. Seismic Vulnerability of Non-Structural Interior
Components

Research into earthquake-induced non-structural damage
grew significantly following post-event investigations of the 1994
Northridge and 1995 Kobe earthquakes, which showed that NSC
failures were responsible for 75-82% of direct economic losses
in residential and commercial buildings. Within this category,
interior finishing materials have received far less systematic
attention than mechanical, electrical, and plumbing (MEP)
systems, which have been more thoroughly characterised through
fragility analyses.

Taghavi and Miranda developed an influential
classification of NSC vulnerabilities, grouping interior finishes
by their damage-initiation acceleration thresholds. Their fragility
analysis found that heavy ceramic wall and floor tiles begin to
sustain damage at peak floor accelerations (PFA) as low as 0.15g—
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0.20g — well below the design spectra for high-seismic zones.
Experimental work by Petrone et al. corroborated these findings,
showing that tile-adhesive bond failure depends not only on
acceleration magnitude but also on inter-storey drift ratios (IDR)
and ground motion cycling frequency. Drift-sensitive systems
such as lightweight partition cladding and suspended ceiling grids
have been shown to exhibit brittle failure at IDR values of 0.3-
0.5%, within the operational performance targets of current
seismic codes.

In the Iranian context, Hosseini and Hosseini surveyed
damage following the 2012 Ahar—Varzaghan earthquake
sequence, recording widespread ceramic tile failures in
structurally undamaged residential buildings. Their work
highlighted a critical gap between structural performance
objectives and post-earthquake habitability — a distinction
central to the present study. Zare and Hamzehloo subsequently
characterised Tehran's residential building stock as largely
composed of pre-2000 masonry and reinforced concrete frame
structures, many of which lack seismic detailing in line with
current Standard 2800, further heightening interior finish
vulnerability across the city.

Component-level investigations have also shed light on
specific interior systems. Magliulo et al. examined suspended
ceiling grids under shake-table loading and identified grid
connection failure as the primary collapse mechanism above IDR
values of 0.5%. Dhakal documented non-structural interior
damage following the 2010 Darfield earthquake, noting that
partition and ceiling systems failed in buildings with no
measurable structural loss — reinforcing the need for interior
material risk frameworks that are independent of structural
vulnerability models.
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2.2. Indoor Environment Quality and Post-Seismic
Material Hazards

The relationship between seismic performance and indoor
environment quality (IEQ) is an emerging research area of direct
relevance to this study. Fisk and subsequent meta-analyses have
established clear links between interior material quality and
occupant health under normal conditions, including VOC
emissions, particulate matter, and moisture-driven mould.
However, seismic events introduce acute IEQ hazards through
material fragmentation, dust release, and HVAC system
disruption — pathways that remain poorly characterised in the
literature.

Asbestos-containing materials (ACMs), historically
common in lIranian residential construction prior to the 1990s,
pose a particular concern: seismic disruption can release
chrysotile fibres, creating acute inhalation risks for occupants and
emergency responders. Even modern, non-asbestos materials
carry post-seismic IEQ risks — ceramic tile fragmentation
generates respirable crystalline silica dust, classified as a Group
1 carcinogen by the IARC; disrupted gypsum board can release
sulphur compounds in humid conditions; and fractured mineral
wool ceiling tiles shed respirable ceramic fibres. These material-
specific post-earthquake IEQ consequences have not been
incorporated into existing seismic risk frameworks for residential
interiors, representing a key gap this study addresses.

Drawing on the WHO Housing and Health Guidelines and
the WELL Building Standard's material transparency provisions,
this study includes IEQ impact as an explicit criterion within the
MCDA framework — enabling simultaneous optimisation of
seismic performance and occupant health, a dual-objective
approach absent from prior seismic material assessment
literature.
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2.3. Multi-Criteria Decision Analysis in  Built-
Environment Material Assessment

MCDA methods have been increasingly adopted in
construction material selection research to systematically
integrate diverse performance criteria spanning technical,
economic, environmental, and human-centred dimensions.
Among available instruments, AHP has been most widely applied
due to its theoretical clarity, computational accessibility, and
compatibility with expert elicitation. Applications in the built
environment include material selection for low-energy buildings,
green building certification, and acoustic performance
optimisation of interior wall systems.

The Entropy weighting method, grounded in Shannon's
information theory, assigns criterion weights inversely
proportional to the uniformity observed in the decision matrix,
thereby prioritising criteria with stronger discriminatory power
across alternatives. The diversification degree, d; = 1 — E,
captures each criterion's information content relative to the
alternatives being evaluated. The hybrid combination of AHP and
Entropy weights — variously described as integrated or
compound weighting — has demonstrated superior
discriminatory performance compared to either method used
alone in recent construction material evaluation studies.

Within the seismic risk domain, MCDA has been applied
to building-level vulnerability assessment, post-earthquake rapid
visual screening, and urban-scale retrofit prioritisation.
Zavadskas et al. provide a comprehensive review of MCDA
applications in construction research, noting a growing trend
towards hybrid weighting approaches that blend subjective and
objective weight derivation. To the best of the authors'
knowledge, however, no prior study has applied a hybrid AHP-
Entropy framework specifically to evaluate the risk and resilience
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of interior finishing materials in a high-seismicity metropolitan
area. This study therefore occupies a novel position at the
intersection of seismic risk assessment, indoor environmental
quality research, and MCDA methodology.

3. STUDY CONTEXT AND SAMPLING
FRAMEWORK

This stratified district selection ensures representation
across the principal residential typologies found in Tehran,
consistent with sampling approaches used in comparable urban
seismic risk studies.

A total of 245 residential units were sampled across three
districts: 87 in District 3, 91 in District 5, and 67 in District 22.
Units were selected through stratified random sampling within
each district, stratified by building height (low-rise: <4 storeys;
mid-rise: 5-12 storeys; high-rise: >12 storeys) and construction
period (pre-1990, 1990-2005, post-2005). All participating units
were owner-occupied residential dwellings; survey access was
arranged through Tehran Municipality building permit records.
Ethical approval for field surveys and expert interviews was
granted by the University of Tehran Institutional Review Board
(Reference: UT-IRB-2023-0147), and written informed consent
was obtained from all participants prior to their involvement.

3.1. Interior Finishing Materials Evaluated

Seven interior finishing material categories were
identified as the primary alternatives (Ai—A-) for evaluation.
These were selected based on their documented prevalence in
Tehran's residential building stock, as confirmed through pre-
survey visual inspections and corroborated by Iranian
construction industry market reports. Table 1 provides a
descriptive overview of each material category, including
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prevalence among the sampled units.

Table 1. Interior Finishing Material Alternatives Evaluated in the Study

Code Material Description / Primary  Thickness Prevalence
Category Installation Context  Location  (mm) (%)
A:  Ceramic Floor High-density fired clay Floors, wet 8-12 94.3
Tiles tiles adhered with areas
cement mortar or
polymer-modified
adhesive to the concrete
sub-floor
A>  Ceramic Wall Glazed ceramic tiles Bathrooms, 6-10 88.2
Tiles adhered to masonry or  Kkitchens
gypsum board
substrates with
cementitious adhesive
As  Gypsum Single or double-layer Partitions, 12.5-25 76.7
Plasterboard ~ 12.5 mm boards on ceilings
lightweight cold-
formed steel framing
A+ Suspended Mineral wool or fibre- Living areas 15-25 58.4
Acoustic reinforced gypsum tiles
Ceiling Tiles in braced T-bar grid
systems per EN 13964
As  Decorative Travertine or marble Lobbies, 20-40 42.1
Stone/Marble  panels adhered to entrance
Cladding masonry walls with
epoxy or cementitious
adhesive.
As  Lightweight Engineered wood Living 12-18 35.9
Timber Wall  panels or MDF veneer rooms
Veneer adhered to internal
substrates
A, Partition Frameless or framed ~ Open-plan  10-15 28.6
Glazing glass partitions areas
Systems (tempered or laminated)

in aluminium profiles

(n = 245 residential units, Tehran)
3.2. Evaluation Criteria

Seven evaluation criteria (Ci—C7;) were established
through a systematic literature review and an iterative Delphi
consultation with a panel of 18 domain experts, comprising
seismic engineers (n = 6), building material scientists (n = 4),
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indoor environment quality specialists (n = 4), and practising
architects with seismic retrofit experience (n = 4). The Delphi
process ran over three rounds, reaching consensus — defined as
an interquartile range of <1.0 on a 1-5 Likert scale by the third
round — in line with established Delphi protocols for built-
environment research. Table 2 presents each criterion's definition,
measurement basis, and optimality direction (benefit: higher is
better; cost: lower is better).

Table 2. Evaluation Criteria for AHP—Entropy Multi-Criteria
Assessment of Interior Finishing Materials

Code Criterion Definition and Measurement Basis Unit Direction Data
Source
C:  Seismic Probability of moderate-to-severe 0-1 Cost Fragility
Fragility Index damage at PFA =0.3g, derived from (norm.) curves;
fragility curve analysis calibrated Delphi

against the Tehran ground motion
dataset and supplemented by expert
Delphi scoring

C. Fire Resistance Duration (hours) of fire resistance to Hours Benefit EN 13501-
Rating ISO 834 standard fire curve 1;
penetration, per EN 13501-1 datasheets
classification records and product
datasheets
Cs  Impact Peak force (kN) sustained without KN Benefit EN 13116;
Resistance fracture per EN 13116 pendulum lab tests

impact test; lab-tested at Sharif
University Materials Laboratory

Cs  Occupant Composite injury hazard index 0-1 Cost Expert
Injury Potential accounting  for  fragmentation (norm.) Delphi;
behaviour, sharp-edge generation, literature
and mass-over-area ratio at failure
Cs Post- Expert-rated ease and speed of Scale 1-5 Benefit Expert
Earthquake material replacement within a 72- Delphi (n =
Replaceability hour emergency window; scaled 1-5 18)
(1 = very difficult, 5 = very easy)
Cs IEQ Impact Index of indoor air quality 0-1 Cost Literature;
(Post-Seismic) degradation potential following (norm.) chamber
material fragmentation, including testing
silica dust, VOC release, and fibre
liberation
C; Life-Cycle Cost Annualised expected cost of USD/m2/yr Cost HAZUS;
(Seismic repair/replacement per unit area at a quantity
Scenario) 475-year return period seismic surveyor

hazard level, based on HAZUS-MH
adapted for Tehran cost database
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3.3. AHP Pairwise Comparison and Weight
Derivation

AHP criterion weights were derived following Saaty's
established pairwise comparison protocol. Each of the 18 panel
members completed a pairwise comparison matrix for the seven
criteria using Saaty's 1-9 integer scale, where 1 indicates equal
importance and 9 indicates extreme importance of one criterion
over another. Individual matrices were aggregated using the
geometric mean of each cell — the recommended technique for
group AHP judgements — to produce a consolidated group
comparison matrix. The normalised principal eigenvector of this
matrix formed the AHP weight vector (wj*H?). Consistency was
assessed using the Consistency Ratio (CR):

CR=CI/RI
Cl=(@max—n)/(n—1)

where CI is the Consistency Index, Amax is the principal
eigenvalue, n = 7 is the matrix order, and RI is the Random Index
(RI; = 1.32).15 A CR threshold of 0.10 was adopted as the
acceptability criterion. All group pairwise matrices yielded CR
values below this threshold (CR = 0.083), confirming acceptable
consistency and validating the expert judgements for use in
subsequent weight calculations.

3.4. Entropy-Based Objective Weighting

The Entropy weighting method, originally applied to
MCDA by Zeleny and later formalised by Zou et al., derives
objective criterion weights from the information content of the
decision matrix using Shannon's information theory. For a
normalised decision matrix with m = 7 alternatives and n = 7
criteria, the entropy of criterion j is:

Ej = —k x2i (pij % In pij),where k =1/ In(m)
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Moreover, pij = rij / Zi rij is the normalised performance
value for alternative i on criterion j, with rij representing the raw
decision matrix entry. The degree of diversification, dj = 1 — Ej,
was computed for each criterion, and the entropy weight was
assigned as:

wjENT = dj / 5j dj

Criteria exhibiting greater variability across alternatives
receive higher entropy weights, ensuring that the objective
weighting reflects each criterion’s actual discriminatory power in
this decision context. In plain terms, if all materials score
similarly on a given criterion, that criterion conveys little useful
information for ranking and is assigned a lower weight; criteria
on which materials differ substantially are weighted more
heavily.

3.5. Integrated AHP-Entropy Weight Calculation

The hybrid integrated weight (wj™T) combines subjective
AHP and objective Entropy weights using the multiplicative
combination formula recommended by Wang and Lee and widely
applied in recent hybrid MCDA studies:

WJINT = (WjAHP x wjENT) / 2j (WjAHP x wjENT)

This formulation ensures that a criterion must score highly
on both expert judgment and empirical information content to
receive a high integrated weight, thereby balancing the risk of
purely subjective bias (AHP alone) and purely data-driven
weighting that may ignore domain knowledge (Entropy alone).

3.6. TOPSIS Ranking and Composite Risk Index

The Technique for Order Preference by Similarity to Ideal
Solution (TOPSIS), introduced by Hwang and Yoon and widely
applied in building material evaluation, was used to rank
alternatives and derive the Composite Risk Index (CRI) and
Resilience Score (RS). The TOPSIS positive ideal solution (P1S)
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was defined as the vector of best observed criterion values, and
the negative ideal solution (NI1S) as the vector of worst observed
values. Euclidean distances Di* and Di~ from the PIS and NIS
were computed using the integrated weight vector, and the
relative closeness coefficient Ci* — the final ranking metric —
was calculated as:

Ci* = Di-/ (Di* + Di")

The Composite Risk Index (CRI = 1 — Ci*) reflects
weighted proximity to the worst-case outcome, yielding an
intuitive [0,1] risk metric. In practical terms, a material with a CRI
approaching 1.0 performs poorly across all weighted criteria and
represents the highest risk profile, while a CRI approaching 0
indicates the most resilient alternative. The complete
methodological workflow — from expert elicitation through to
final ranking — is illustrated in Figure 1.

—
v - . :

I Problem Definition l— —| Criteria Weight Caloulation I—

Risk Criteria identification Decmion Matrix Construction

Composite Risk Index
CRI=1-CS

Weighted Normalized Matrix Ranking of Alemastives

Detormine ldeal & Anti-ldeal Saluticns

Distance Caleulation (C' & €,

Figure 1. Conceptual workflow of the AHP—Entropy
MCDA framework applied to seismic risk assessment of interior
finishing materials in Tehran residential buildings.
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4. RESULT
4.1. Raw Performance Decision Matrix

Table 3 presents the raw performance decision matrix for
all seven material alternatives (Ai1—A~) across all seven evaluation
criteria (Ci—C+). Data sources follow the protocols specified in
Table 2. Seismic fragility indices (C1) were derived from fragility
curves calibrated against the Tehran probabilistic ground motion
dataset developed by Zare and Hamzehloo, supplemented by
Delphi expert scoring for material categories lacking published
fragility data. Fire resistance ratings (C2) were obtained from EN
13501-1 classification records and manufacturer technical
datasheets, cross-validated against test data from the Sharif
University laboratory archive. Impact resistance values (Cs) were
determined using the standardised EN 13116 pendulum impact
test. IEQ impact indices (Cs) were synthesised from controlled
chamber studies and peer-reviewed literature on post-seismic
material fragmentation hazards. Life-cycle cost estimates (C-)
were derived from HAZUS-MH loss models adapted to Tehran's
regional construction cost database, using quantity surveyor data
provided by a panel of five licensed quantity surveying firms
operating within the study districts.

Alternative Ci Fragility C: Fire Cs Impact CsInjury CsReplace.  Cs C, LCC
(0-1) Res. (kN) (0-1) (1-5) IEQ (USD/m?yr)
(h) (0-1)

AiCeramic Floor Tiles 0.82 0.50 3.2 0.79 18 0.71 18.4
AzCeramic Wall Tiles 0.76 0.50 2.8 0.74 2.1 0.65 15.2
AsGypsum Plasterboard 0.31 1.00 1.4 0.28 4.6 0.22 6.8
AsSuspended Acoustic 0.27 0.75 11 0.22 4.8 0.18 5.9
Tiles
AsStone/Marble 0.88 0.25 49 0.86 1.2 0.79 24.7
Cladding
AsTimber Wall Veneer 0.43 0.50 2.1 0.37 3.9 0.34 9.3
AsPartition Glazing 0.61 0.25 18 0.58 31 0.49 12.6

Table 3. Raw Performance Decision Matrix: Interior Finishing
Materials (Ai—A») x Evaluation Criteria (C,i—C>)
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4.2. AHP and Entropy Weights

Table 4 summarises the derived AHP subjective weights,
Entropy objective weights, and the resulting integrated AHP-
Entropy composite weights for each criterion. The AHP expert
panel assigned the highest subjective priority to Seismic Fragility
Index (Ci: wAH? = (0.298) and Occupant Injury Potential (Ca: wAHP
= 0.214), reflecting panel consensus — consistent with Filiatrault
and Sullivan's performance-based design hierarchy — that direct
life-safety considerations should govern the evaluation
framework. The Entropy analysis assigned the highest objective
weight to Life-Cycle Cost (C7: w{fNT = 0.231), where the decision
matrix showed the greatest inter-alternative variability (entropy
E; = 0.847), indicating that the cost criterion carries the strongest
informational discriminatory power across the seven material
alternatives.

Following multiplicative integration, Seismic Fragility
(Ci: wiNT = 0.261) retained the highest composite weight,
followed by Life-Cycle Cost (C7: wi{NT = 0.178) and Occupant
Injury Potential (Ca: w{NT = 0.162). This ordering broadly aligns
with the multi-criteria priority structures reported by Calvi et al.
in urban seismic vulnerability assessment, where physical hazard
and economic loss criteria consistently dominate integrated
weight rankings. The Consistency Ratio for the group AHP
matrix was CR = 0.083 (< 0.10), confirming acceptable
judgement consistency in line with Saaty's established threshold.
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Criterion Direction ~ AHP  Entropy Diversif. Entropy Integrated Rank
Weight Ej dj Wt Wt (WjINT)
(WjAHP) (WJENT)
CiSeismic Fragility ~ Cost 0.298 0.903  0.097 0.189 0.261 1

C.Fire Resistance  Benefit 0.142 0.931 0.069 0.134 0.088 6
CsImpact Benefit 0.096 0.924 0.076 0.148 0.066 7
Resistance
C4Occupant Injury ~ Cost 0.214 0.916 0.084 0.163 0.162 3
Potential
CsReplaceability ~ Benefit 0.118 0.937 0.063 0.122 0.067 5
CsIEQ Impact Cost 0.079 0.921 0.079 0.154 0.119 4
CsLife-Cycle Cost ~ Cost 0.053 0.847 0.153 0.231 0.178 2

% (Sum) — 1.000 — — 1.000 1.000
(norm.) (norm.)

Table 4. AHP Subjective Weights, Entropy Objective Weights,
and Integrated AHP-Entropy Weights for Evaluation Criteria
(CR=0.083<0.10)

4.3. TOPSIS Results and Composite Risk Index

Table 5 presents the TOPSIS closeness coefficients (Ci"),
Composite Risk Indices (CRI = 1 — Ci*), and Resilience Scores
for all seven material alternatives. These results confirm the
preliminary risk ordering suggested by inspection of the raw
decision matrix, while providing a formally weighted, integrated
ranking consistent with established TOPSIS methodology.

Stone/Marble Cladding (As) and Ceramic Floor Tiles (A1)
exhibited the highest composite risk profiles (CRI = 0.82 and
0.78, respectively). Their elevated scores on Seismic Fragility (C:
= 0.88 and 0.82), Occupant Injury Potential (C4 = 0.86 and 0.79),
and Life-Cycle Cost (C7=USD 24.7 and 18.4/m?/yr) drove their
proximity to the negative ideal solution across the three highest-
weighted criteria. By contrast, Suspended Acoustic Ceiling Tiles
(A4) achieved the highest resilience score (Ci* = 0.847; CRI =
0.24), reflecting strong performance across seismic fragility
(0.27), injury potential (0.22), replaceability (4.8/5.0), IEQ
impact (0.18), and life-cycle cost (USD 5.9/m2/yr). Gypsum
Plasterboard (As) performed comparably well (CRI = 0.31),
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consistent with its characterisation by Petrone et al. as a
moderate-performance finish with ductile failure behaviour.

Table 5. TOPSIS Results: Distances from Ideal Solutions,
Closeness Coefficients, Composite Risk Index, and Resilience
Rank (n = 7 alternatives)

Alternative Di* (to Di (to Ci CRI Resilience = Resilience

PIS)  NIS)  (Closeness) (1-Ci") Score Rank
AiCeramic Floor Tiles  0.382 0.081 0.175 0.78 0.22 6
AzCeramic Wall Tiles  0.341 0.112 0.248 0.74 0.26 5
AsGypsum Plasterboard = 0.094 0.369 0.797 0.31 0.69 2

AsSuspended Acoustic  0.071  0.394 0.847 0.24 0.76 1%

Tiles

AsStone/Marble Cladding 0.418 0.048 0.103 0.82 0.18 7X
AeTimber Wall Veneer  0.218 0.194 0471 0.47 0.53 4
AsPartition Glazing 0.279 0.143 0.339 0.58 0.42 3

»* Best resilience (lowest CRI); X Worst resilience (highest CRI). PIS = Positive Ideal Solution;
NIS = Negative Ideal Solution.

4.4. Sensitivity Analysis

A one-at-a-time (OAT) sensitivity analysis was conducted
to assess the robustness of the TOPSIS rankings to variations in
criterion weights, following the protocol recommended by Kou et
al. Each AHP weight was independently perturbed by £30% of its
baseline value while holding all other weights constant and
renormalising the weight vector. Figure 2 presents the resulting
rank variation as a tornado diagram. The rank ordering of the two
most resilient alternatives (A4 and As) and the two highest-risk
alternatives (As and A:) remained entirely stable across all 14
perturbation scenarios (seven criteria x two directions), providing
strong confirmatory evidence for the robustness of the principal
policy-relevant findings.

The most sensitive intermediate ranking was observed for
Partition Glazing (A7), whose rank fluctuated between 3rd and 5th
depending on the relative weighting assigned to C. (Fire
Resistance) versus Ca (Occupant Injury Potential). This
sensitivity is mechanistically interpretable: glazing systems
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present a dual-hazard profile in which fire-following-earthquake
vulnerability is decoupled from direct fragmentation injury risk,
making their relative ranking legitimately context-dependent.
This finding aligns with the dual-hazard observations of Magliulo
et al. and underscores the practical importance of clarifying which
hazard scenario dominates the design brief before specifying
partition glazing in high-seismicity buildings.

Aq —_—
Az _—
A; —
Ay R
Ag —
As ————

A —_——

2 3 4 5 7

TOPSIS Rank

Figure 2. Sensitivity analysis: TOPSIS resilience rank stability
under one-at-a-time (OAT) AHP weight perturbation of £30%
across all seven evaluation criteria.

4.5. Spatial Disaggregation by District and Building
Typology

Table 6 disaggregates mean Composite Risk Index values
by study district and building height category. District 5 recorded
the highest mean CRI (0.61 + 0.14), driven by a higher prevalence
of heavy stone cladding and older ceramic tile installations with
reduced adhesive bond strength — consistent with field
observations from Hosseini and Hosseini's post-earthquake
reconnaissance studies. District 22 showed the lowest mean CRI
(0.41 £ 0.11), reflecting its more recent construction vintage and
greater prevalence of lightweight gypsum board systems that
comply with current Standard 2800 provisions.
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Across building height categories, high-rise buildings
(>12 storeys) exhibited systematically elevated risk profiles for
drift-sensitive materials. Partition Glazing (A-) reached a CRI of
0.72 in high-rise buildings compared with 0.49 in low-rise
buildings — a pattern consistent with the amplified inter-storey
drift demands characteristic of taller reinforced concrete moment
frame structures under long-period ground motions, and with the
spectral characteristics of the Tehran design spectrum, which
shows relatively high amplification at periods of 1.0-2.5 seconds
corresponding to the fundamental modes of high-rise buildings.

District 9, examined in supplementary analyses drawing
on Kouhkamar's (2019) urban seismic vulnerability study,
recorded a mean CRI of 0.57 (£ 0.13), reflecting its older building
stock, higher concentration of masonry and steel-frame
structures, smaller parcel sizes, and unfavourable height-to-
street-width ratios — all factors associated with elevated interior
finishing material risk in medium-density urban fabric. This
profile aligns with Kouhkamar's macro-scale seismic
vulnerability ranking, which identified District 9 as the second-
most-vulnerable district in Tehran after District 11, based on an
Entropy-TOPSIS multi-criteria assessment integrating structural
age, building typology, population density, and proximity to
active fault systems. The convergence between the district-level
CRI values derived here and the broader structural vulnerability
classifications established by Kouhkamar corroborates the cross-
scalar validity of both assessment frameworks and underscores
the heightened risk facing interior environments in Tehran's
southern and central districts.
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Table 6. Composite Risk Index (CRI) Disaggregated by Study
District and Building Height Category

Mean

Category Sub-group CRI
District District 3 (n =87) 0.52
District District 5 (n =91) 0.61

A District 9 (n =
District supplementary) 0.57
District District 22 (n = 67) 041
Building Height Low-rise (<4 st., n =78) 0.49

- .. Mid-rise (5-12 st, n =
Building Height 109) 0.55
Building Height H19N-T1se (>12 st, n = ¢ 63
58)

Construction _
Period Pre-1990 (n =61) 0.68
Construction _
Period 1990-2005 (n=102)  0.54
Construction _
Period Post-2005 (n = 82) 0.42

District

Dominant
(observation)

High-Risk  Material

Ceramic Floor Tiles (A1)

Stone/Marble Cladding (As)

Ceramic Floor & Wall Tiles (A,
A:); Masonry substrates

Partition Glazing (A~)

Ceramic Floor Tiles (A1)
Stone/Marble Cladding (As)
Partition Glazing (A7)

Ceramic Floor & Wall Tiles (A1, Az)
Stone/Marble Cladding (As)

Partition Glazing (A~)

Building Height Categary

District 3

District 5

District 22

Low-Rise

Mi-Rise HghRise

Figure 3. Composite Risk Index (CRI) disaggregated by study
district and building height category across 245 sampled
residential units in Tehran, Districts 3, 5, and 22.
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5. DISCUSSION

5.1. Seismic Risk Profile of Interior Finishing
Materials

The results of the AHP-Entropy MCDA analysis
converge with and substantially extend prior seismic fragility
research on non-structural components. The highest composite
risk designations assigned to Stone/Marble Cladding (As: CRI =
0.82) and Ceramic Floor Tiles (Ai: CRI = 0.78) reflect the
combined effect of high seismic fragility, significant occupant
injury potential from brittle fragmentation, and prohibitive post-
earthquake replacement costs. These findings are broadly
consistent with the experimental fragility data reported by
Petrone et al., who identified heavy-adhered tile and stone
systems among the most vulnerable interior finish categories at
moderate ground-motion intensities, and with Hosseini and
Hosseini's reconnaissance observations following the 2012 Ahar—
Varzaghan sequence in Iran.

The notably superior resilience profile of Suspended
Acoustic Ceiling Tiles (As: CRI=0.24, RS =0.76) is a practically
significant finding with direct implications for material
specification in Tehran's residential sector. While suspended
ceiling systems are conventionally associated with seismic risk
due to their susceptibility to grid collapse at elevated IDR values
— as documented by Magliulo et al. — the specific products
evaluated here (mineral wool tiles in braced T-bar systems
conforming to EN 13964) demonstrated substantially lower
fragility indices than ceramic and stone systems. The critical
distinction lies in their low mass per unit area (typically 4-7
kg/m2), elastic deformation capacity prior to grid disengagement,
and the absence of sharp-edge fragmentation upon failure —
characteristics that align directly with the performance-based
material selection principles advocated by Filiatrault and

60



Sehir ve Bélge Planlama Alanminda Akademik Tartismalar

Sullivan. The intermediate risk ranking of Partition Glazing (A~:
CRI = 0.58) warrants particular attention given its growing
prevalence in contemporary residential construction in Tehran.
The dual-hazard profile of glass partitions — combining
moderate seismic fragility with extreme occupant injury potential
from sharp-edge fragmentation — is well established in the NSC
literature. The high rank instability observed for A; in the
sensitivity analysis (rank varying between 3rd and 5th) is itself an
informative result: it indicates that the material's overall risk
designation is legitimately sensitive to the regulatory priority
accorded to  fire-following-earthquake  versus  direct
fragmentation injury, a distinction that Iranian Standard 2800
does not currently address for interior finishes. Substituting
laminated for tempered glass would substantially reduce the
laceration hazard while maintaining visual transparency — a
change that should be the subject of future regulatory guidance.

5.2. Indoor Environment Quality Implications

The IEQ Impact criterion (Cs) contributed an integrated
weight of 11.9% to the composite risk index — the fourth highest
among all criteria — underscoring the relevance of post-seismic
indoor air quality to material selection decisions in residential
buildings. Stone and marble cladding (As) and ceramic tiles (A1)
exhibited the highest IEQ impact indices (0.79 and 0.71,
respectively), primarily due to the liberation of respirable
crystalline silica during mechanical disruption. Crystalline silica
(quartz) is classified as a Group 1 human carcinogen by the
International Agency for Research on Cancer, and post-
earthquake dust events in densely populated residential buildings
represent an acute exposure pathway for occupants and
emergency responders that has yet to be formally characterised.
Gypsum plasterboard (As) demonstrated substantially lower IEQ
impact (index = 0.22), consistent with its calcium sulphate
dihydrate composition, which contains no crystalline silica and
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generates coarse rather than respirable dust upon fracture. These
findings align with the material safety framework set out in the
WHO Housing and Health Guidelines and are directly relevant to
the scope of Indoor and Built Environment, which has
increasingly published work at the intersection of building
material performance and occupant health. The integration of
post-seismic IEQ impact into material risk assessment
frameworks, as demonstrated in this study, represents a
methodological contribution that complements existing IEQ-
focused approaches by incorporating an acute, event-driven
exposure pathway alongside the chronic exposure pathways
conventionally addressed in indoor environment research.

5.3. Validity and Transferability of the AHP-Entropy
Framework

The methodological contribution of this study extends
beyond its empirical findings to demonstrate the suitability of the
hybrid AHP-Entropy framework for seismic material risk
assessment. The acceptable AHP consistency ratio (CR =0.083 <
0.10) confirms that expert panel judgements were sufficiently
coherent for reliable weight derivation, satisfying both Saaty's
acceptability criteria and the broader requirements for expert-
based MCDA in built-environment research.

The substantial divergence between AHP and Entropy
weights for the Life-Cycle Cost criterion (wi*H? = 0.053 vs. wNT
= 0.231) illustrates the complementary value of the hybrid
approach: experts systematically underweighted economic cost
relative to its demonstrated informational discriminatory power
across the seven alternatives. This is consistent with Wang and
Lee's general finding that MCDA practitioners tend to
underweight criteria with high empirical variance, and reinforces
the argument advanced by Kouhkamar for hybrid rather than
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purely subjective weight derivation in high-stakes built-
environment decision contexts.

The AHP-Entropy MCDA framework developed here is
directly transferable to other high-seismicity urban contexts,
particularly across the Global South, where similar regulatory
gaps in interior material specifications coexist with high
concentrations of seismically vulnerable residential stock. Cities
such as Kathmandu, Islamabad, Istanbul, and Bogota — all
characterised by high seismic hazard, rapid residential
construction, and limited enforcement of non-structural seismic
requirements — represent natural candidates for future
comparative application of this framework.

5.4. Policy and Regulatory Implications

The findings of this study carry several concrete
implications for Iranian building standards, municipal retrofitting
policy, and professional practice.

First, Iranian Standard 2800 (4th Edition) should be
augmented with prescriptive and performance-based provisions
for interior finishing material selection in seismic zones 3 and 4.
These should specify maximum mass-per-unit-area thresholds for
adhered tiles and cladding systems, minimum adhesive bond
strength requirements for seismic applications, and mandatory
use of laminated safety glazing in partition systems above a
defined height threshold.

Second, Tehran Municipality's building retrofit
programme — currently focused on structural upgrading of pre-
1990 masonry and steel frame buildings — should incorporate an
interior finishing material risk assessment component. This
should prioritise the removal or restraint of heavy stone cladding
systems and the replacement of conventional ceramic tile
adhesive with polymer-modified flexible adhesives rated for
seismic performance. The CRI values and district-level
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disaggregation data in Table 6 provide a quantitative basis for
targeting the highest-risk residential sub-populations, consistent
with risk-informed retrofit prioritisation frameworks. This
prioritisation is further reinforced by Kouhkamar's district-level
Entropy-TOPSIS vulnerability assessment of Tehran, which
identified Districts 9 and 11 as the highest-risk areas based on
structural, morphological, and demographic indicators. The
convergence between those structural risk classifications and the
interior material CRI values derived here — particularly the
elevated CRI profile of District 9 — underscores the
compounding nature of seismic risk in Tehran's central and
southern districts and strengthens the case for integrated retrofit
strategies that address both structural and non-structural
vulnerability simultaneously.

Third, the post-seismic IEQ findings highlight the need for
indoor air quality monitoring protocols within Iranian emergency
response frameworks, specifically addressing crystalline silica
and glass fibre exposure limits in affected residential buildings.
The WHO Housing and Health Guidelines and the WELL
Building Standard's material provisions offer evidence-based
reference frameworks for developing such protocols within the
Iranian regulatory context.

6. CONCLUSION

This study addressed three research objectives set out in
the Introduction: developing a comprehensive multi-criteria risk
index for interior finishing materials under seismic conditions;
identifying materials with the highest composite risk profiles in
Tehran's residential building stock; and providing evidence-based
recommendations for material standards, retrofit policy, and
indoor environment guidelines applicable to earthquake-prone
urban contexts. The hybrid AHP-Entropy MCDA framework
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proved effective in meeting all three objectives, integrating expert
judgement with empirical data variability across 245 residential
units sampled from Districts 3, 5, and 22 of Tehran.

With respect to the first objective, the seven-criterion
framework — spanning seismic fragility, fire resistance, impact
resistance, occupant injury potential, replaceability, IEQ impact,
and life-cycle cost — yielded a Composite Risk Index that
successfully discriminated between material alternatives across
both performance dimensions and spatial typologies. The
integrated AHP-Entropy weighting assigned the greatest
composite influence to Seismic Fragility Index (26.1%), Life-
Cycle Cost (17.8%), and Occupant Injury Potential (16.2%),
reflecting the convergence of expert consensus and empirical
information content in prioritising life-safety and economic
recovery.

Regarding the second objective, Stone/Marble Cladding
(As: CRI = 0.82) and Ceramic Floor Tiles (Ai: CRI =0.78) were
identified as the highest-risk materials in Tehran's residential
stock, driven by brittle fragmentation behaviour, adhesive bond
degradation under seismic loading, and prohibitive post-
earthquake replacement costs. Conversely, Suspended Acoustic
Ceiling Tiles (A4: CRI=0.24) and Gypsum Plasterboard (As: CRI
= 0.31) demonstrated the most favourable resilience profiles,
combining low seismic fragility with rapid replaceability and
minimal IEQ impact. Spatial disaggregation identified District 5
and pre-1990 high-rise building typologies as the highest-risk
sub-populations, providing a quantitative basis for targeted
intervention.

On the third objective, the findings directly support three
tiers of regulatory and policy action: augmentation of Iranian
Standard 2800 with prescriptive interior material provisions for
seismic zones 3 and 4; integration of interior finishing material
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risk assessment into Tehran Municipality's existing structural
retrofit programme, prioritising Districts 5 and 9 in light of both
the CRI values derived here and the structural vulnerability
rankings established by Kouhkamar (2019); and the development
of post-seismic indoor air quality monitoring protocols
addressing crystalline silica and glass fibre exposure — a
dimension entirely absent from current lranian emergency
response frameworks.

The sensitivity analysis confirmed that rankings for the
four most policy-relevant alternatives remained stable across all
+30% OAT weight perturbation scenarios, reinforcing confidence
in the principal conclusions. The incorporation of post-seismic
IEQ impact as an explicit evaluation criterion represents a
methodological contribution to the convergence of earthquake
engineering and indoor environment quality research, extending
the scope of seismic material assessment beyond structural
performance to encompass acute occupant health outcomes.

Limitations of the study include reliance on self-reported
installation age data, the absence of empirical post-earthquake
validation data, exclusion of fire-following-earthquake
compound hazard scenarios, and the potential for residual expert
elicitation bias. Future research should pursue shake-table
experimental validation of the fragility indices applied here,
incorporate compound hazard modelling, explicitly disaggregate
glazing types, and extend the AHP—Entropy MCDA framework
to commercial and mixed-use occupancy categories across
comparable high-seismicity metropolitan areas in the Global
South.
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