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Figure 10. 3D modeling outputs developed in BIM using Autodesk Revit: a) base BIM model with axonometric exploded view and integrated
historical timeline; b) topographic model in BIM illustrating the surrounding site context; c) high-precision roof modeling constructed directly over the
point-cloud dataset generated by the FIJD Trion scanner, ensuring geometric and structural fidelity



2778 Vernacular Architecture and the State of Cultural Heritage in Gjirokastra through Restoration Camps:
Analysis and Technology Application

Tansform Tools Anshze Render Pancls Help
Fle Edt View Display Solution Help DesignvithEnvironm

L 8D L SDMLH

“ommand: Grasshopper Pm | Meth Set Vec Crv i Msh It T
‘ommand:

== e e pe e e e e e e | X2 (020 () (0X X0
DEESFXDI~8 + 2500 5H= 55106090000 165,80 2 06000000 @
I

s0Q ®

2x VISIBILITY ANALYSIS

O TS Y W NP U W S
il %20 ARG I NG,

Perspective. Top Front Right <
Z€nd [ZNear (A Peint AMid []Cen [int [JPerp [JTon []Quad [Knot [JVertex [IProject LI Disable

Plane | x-8165293 | y-1880.381 20 Centimeters Ml Default GridSnap Ortho Planar Osnap SmartTrack Gumball Record History Filter |

£ Type here to search &3 §

_hC

& pe Grasshopper - DesigrithEmironmentalAnalysis v2* - o X
Fle Edt View Cuve Sufsce SubD Soid Mesh Dimension Tansform Tooks Anshze Render Panels Help
o o Fle Edt View Displey Soution Help DesigmithEnvironmentalAnalysis ¥2
Command: Graszhopper B D L SO ML HWLS
Command: S

Sandard | CPlanes  SetView Display Select Viewportloyout Visiblty Transform CurveTools SurfaceTools SolidTools SubDTools Mesh T

DeESOXD0~N +» 2SR TH= 506900049 745,80,

S0 220 o

Perspective| Top Front Right <

End [ Near (A Point Z1Mid [JCen Clint [JPerp (1Tan []Quad [JKnot [JVertex [l Project (1 Disable
CPlane | x 167502252 | y 118306766 20 Centimeters | WIDefault Grid Snap Ortho_Planar_Osnap_SmartTrack _Gumball Record -

P Type here to search R =i r ] . 1 [} o8 Hot days ahead

e
b)




Civil Engineering and Architecture 14(4): 2762-2784, 2026

\@9 e O@ Q@ @
09@ 0000 0 e
= =

2779

300 220 0-

Figure 11.

a) Parametric setup of an environmental simulation using the Grasshopper plugin within Rhinoceros software, aimed at supporting

long-term building performance monitoring; b) Visualization of the building during the simulation process; ¢) Custom Grasshopper script developed to

execute the environmental simulation workflow

4.3. Numerical Modeling of the Structure Using the
Finite Element Method (FEM)

A comprehensive numerical model of the structure was
developed using the Finite Element Method (FEM) within
the ETABS v.22 CSI software (Figure 12). The structural
system was discretized with careful consideration of the
material typologies and their respective mechanical
behaviors. The perimeter walls (unreinforced masonry)
were modeled using a thick shell element, accurately
simulating their structural mass and stiffness contributions.
On the other hand, the internal-wall panels were modeled
using a standard shell element. These walls are considered
semi-structural. They take part of the load, but with
reduced capacity compared to the perimeter walls [36].

The floor slabs were idealized using thin shell elements,
which allowed for an effective representation of their
in-plane and out-of-plane stiffness while minimizing
computational demand. The roof structure, composed of
timber trusses, was partially modeled with structural
elements only at critical points corresponding to major load
transfer locations, while secondary structural members
were accounted for through equivalent distributed dead
load (DL) representations. Similarly, the timber staircase,
due to its negligible contribution to the global lateral
stiffness, was also modeled as an equivalent DL
component. The loading concept incorporated both
gravitational (Dead Load and Live Load) including seismic
actions. Load combinations were defined in compliance
with Eurocode standards, matched to the specific seismic

hazard of the Gjirokasté& region. Seismic load parameters
were selected based on both: a) research and studies related
to historical masonry buildings in southern Albania; b) site
consultations with local structural engineering experts [37].
This ensured that the model reflects the realistic
performance expectations of traditional masonry structures
under dynamic excitation.

Finite Element Analysis and Seismic Vulnerability
Assessment:  The structural model was carefully
constructed, with particular attention given to the meshing
process to ensure numerical accuracy and convergence
stability (Figure 12). Following the meshing phase, the
structure was subjected to a series of linear static and
dynamic analyses, including modal analysis, to evaluate its
performance under gravitational and seismic loading
conditions [38]. The simulation outputs highlighted a
comprehensive database, with results that were largely
consistent with on-site observations. These analyses
provided detailed insight into key structural behaviors,
including stress-strain distributions, internal force patterns
(axial forces, shear-diagram and bending moments),
seismic demand indicators and the dynamic characteristics
of the static-scheme such as modal shapes and periods’
numerical data. Beyond the global structural response, the
analysis pointed out specific local weaknesses. These were
mainly in areas with higher stress concentrations or
reduced stiffness. The numerical results were checked
against what was observed on-site during visual
investigations. In many cases, the same areas showed
visible degradation. This helped structural engineers focus
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on parts of the building where additions or modifications
had been made and where problems are more likely to
occur. In this way, the study provides a clearer and more
practical mapping diagram of the building’s seismic
vulnerabilities.

To provide a synthesized overview of the numerical
results, the main outputs of the FEM analysis are
summarized in Table 1. The values reported are
representative of the global structural response and of the
most critical local conditions identified during the seismic
simulations.

The results indicate that: while the overall seismic
response of the structure remains within acceptable limits
for its typology, the distribution of stresses and
displacements is markedly non-uniform. In particular
localized increases in displacement at the second-floor
level and stress concentrations at “roof-to-wall connections”
confirm the structural discontinuities introduced by past
interventions and restorations. It should be noted that
material properties were defined based on literature
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empirical-values and calibrated through qualitative
comparison with observed conditions. Therefore, the
numerical results are intended to support comparative
assessment and identification of critical areas rather than to
provide absolute predictive values. This should be
considered as a limitation of the study, mainly due to
simplified modeling assumptions.

These findings provide a solid base for planning a future
retrofitting strategy. Any intervention needs to directly
address the structural weaknesses that have been identified.
The main goal was to improve the building’s seismic
performance through this workflow, by defining efficient
retrofit strategies based on the analysis. This is evaluated
using performance-based criteria, such as capacity spectra
and target displacement, referred to as FEMA 440 and
Eurocode 8/Part.3. The proposed retrofit solutions aim not
only to improve seismic behavior, but also to extend the
service life of the building. This approach follows the
broader principles of structural conservation and risk
reduction in masonry heritage structures [39].
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Figure 12. Experimental numerical model using FEM in ETABS, focusing on primary load-bearing structures with partial load reductions applied

Table 1. Summary of main “FEM results” for the Cer¢iz Topulli case
Parameter Value Range Critical Results Technical Interpretation
Fundamental period-T; ~0.45-0.60s Global mode Consistent Wlﬂ.l 2 stiff asonry system with
limited ductility
Maximum displacement 6-12 mm Second-floor slab Local flexibility due to altered load paths

Peak compressive stress

Concentrated areas Vulnerable wall-panels (¢atma areas)

Local over-stressing linked to roof-wall link

Shear stress concentrations Moderate-high

Wall intersections

Indicative of seismic vulnerability at connections

Modal mass participation >70% (first modes)

Global seismic-response

Dominant translational behavior
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Structural Performance and Local Vulnerabilities: The
structural analysis indicates that the building performs
adequately at the global level, with a generally stable
response under seismic loads. But also, some critical local
deficiencies were identified that may compromise its
overall performance and durability. One significant issue
was found at the second-floor slab, where past interior
adaptive interventions have altered the original wall layout.
These changes disrupted the load-bearing system, leading
to a localized deflection of the slab. While not currently
critical, the observed deformation suggests a reduction in
stiffness and potential overstressing of the slab. Another
concern relates to the roof structure, which is directly
supported on masonry walls without a continuous tie or
ring beam (also, missing the “testek!']” element). This
absence results in high reaction forces at wall-roof
connections, increasing the risk of brittle failure, especially
in the perimeter walls of the “main Oda” room. These walls
are constructed using the traditional “catmal?” technique.
In addition, several timber elements in the roof structure
show signs of degradation and loss of cross-sectional
integrity (This is based also on the on-site findings).
Targeted repair or retrofitting is therefore necessary to
restore structural performance (the building age) and
ensure safe performance under vertical and lateral loads.
Overall, these findings highlight the need for a detailed
retrofitting strategy, aimed at improving local performance
and increasing the building’s seismic resilience. At the
same time, this approach leaves room for further studies
and practical actions, following the same proposed
methodology.

5. Findings and Conclusions

This research has provided a comprehensive assessment
of Gjirokastra's vernacular heritage architecture through
the case study of the Cer@z Topulli House and additional
historic structures surveyed during restoration camps.
Despite Gjirokastra's status as a UNESCO World Heritage
site, the findings underscore critical threats to its
architectural integrity resulting from material decay,
climate exposure, prior unsympathetic interventions, and a
lack of systematic monitoring mechanisms. These
challenges are particularly evident in unauthorized
structural alterations such as the insertion of reinforced
concrete slabs and the vertical extension of upper floors,
which have disrupted both the material authenticity and
structural logic of the buildings.

A key contribution of this study lies in the integration of
digital surveying technologies and simulation tools to
inform and support conservation strategies. Drone-based
photogrammetry enabled rapid, high-resolution mapping

! a carved wooden beam inclined or bracket used to support the roof eaves
or roof overhang

2 catma wall typology - a timber-frame system with limited capacity to
resist lateral seismic forces
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of building envelopes and roof geometries, particularly
valuable for hard-to-access areas (Figure 4).
Complementarily, the FIJD Trion P1 laser scanner was
employed for detailed terrestrial 3D scanning, ensuring
millimetric accuracy in recording surface deformations,
structural misalignments and morphological alterations.
These point cloud datasets were processed and embedded
into a Building Information Modeling (BIM) environment,
creating a structured, multi-layered digital twin of the
surveyed buildings.

This BIM model served as a central platform for data
integration and heritage diagnostics, allowing for detailed
documentation of existing conditions, annotation of
material pathologies, and the simulation of restoration
scenarios (Figures 10, 11). More critically, the BIM
environment was directly linked to finite element modeling
(FEM) workflows, enabling multidisciplinary simulations
that included static and seismic behavior analysis. This
connection between BIM and FEM provided not only
structural performance metrics under Eurocode-compliant
load combinations but also informed targeted retrofitting
strategies that are both technically effective and culturally
sensitive.

The findings show that conservation supported by digital
tools, based on accurate documentation and parametric
BIM-modeling, can lead to more informed, efficient and
reversible interventions. At the same time, the use of these
tools in educational restoration camps allowed students,
researchers and local experts to work together in a shared
process. This created a data-based design approach that
connects traditional craftsmanship with digital precision.

In conclusion, safeguarding Gjirokastra’s vernacular
heritage requires an integrated approach that merges
advanced digital technologies, BIM-based analysis, and
historically grounded restoration practices. This study
demonstrates how tools such as laser-scanning,
photogrammetry, F.E.M. and parametric BIM-modeling
can be integrated into heritage conservation practices. This
approach enables precise diagnostics, simulation-driven
interventions and informed decision-making. The
integration of environmental simulations within BIM
reinforces the role of computational design in promoting
sustainability. Standardizing these workflows and
expanding local digital capacities are essential for
long-term resilience. Ultimately, this digitally driven
methodology offers a scalable, data-informed model for
preserving  heritage  architecture  while  meeting
contemporary performance and sustainability goals.

6. Discussion and Interpretation of
Findings

The diagnostic study of the Cerg@z Topulli House
demonstrated the effectiveness of a digitally integrated
approach combining terrestrial laser scanning, drone
photogrammetry, HBIM modeling, and structural
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simulation. Detailed point cloud data revealed some
localized slab deformations on the second floor, where
historic interior alterations disrupted the original wall
layout and compromised load distribution. Finite Element
simulations confirmed reduced stiffness and increased
displacement in these areas, while the absence of
horizontal ties at the roof-to-wall interface resulted in
amplified stress concentrations at connection points
particularly above the main “oda”.

In comparison with similar HBIM-based studies
conducted on historic masonry buildings in seismic regions,
the seismic behavior of the Topulli House follows a
consistent pattern where local structural deficiencies
govern the overall wvulnerability more than global
instability.  Previous applications of HBIM-FEM
workflows on Balkan case studies have similarly
highlighted the critical role of floor diaphragm
discontinuities and inadequate wall-to-roof connections as
primary reasons for seismic weakness. In this context, the
present results align with established findings, while
confirming that even relatively stiff masonry systems can
exhibit localized performance deficits when historical
interventions disrupt the original load-bearing logic.

These findings did not come only from digital models.
They started with hands-on work on-site during restoration
camps. Architecture students, together with professors and
technical local experts, carried out metric surveys,
photogrammetric recording, stratigraphic observation and
material inspections. This direct sitework helped ensure
that the digital model was based on real conditions on-site.
It reflects the actual state of the materials, the construction
history and the changes that were not officially
documented. In particular, it includes the roof alterations
and the partial reconstructions made during the 20"
century.

The integration of academic field data into the modeling
workflow was critical in validating simulation results and
targeting intervention priorities. Specifically, the study
recommends the reintroduction of roof-level tie elements,
reinforcement of the second-floor slab  where
discontinuities were detected and selective replacement of
degraded timber elements within the truss system. These
proposals are based strictly on observed deformations,
scanned geometries and simulation outputs, ensuring that
interventions remain minimal, site-specific and technically
justified.

At the same time, it should be noted that in contrast to
more advanced implementations reported in recent
international studies, where detailed material calibration
and nonlinear analysis are applied, the present work adopts
a simplified and efficient modeling approach. This choice
reflects both the constraints of available material data and
the need to maintain a consistent workflow between survey,
HBIM modeling and structural assessment. As such the
results should be interpreted primarily as a diagnostic and
comparative tool, rather than as a fully predictive
simulation framework.

The restoration camps proved vital not only for data
acquisition but also for academic training, bridging
practical conservation work with digital technologies.
Their contribution reinforces the value of interdisciplinary,
field-based learning in diagnosing and preserving complex
vernacular heritage structures like the Cergz Topulli
House.
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