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Historical masonry structures are composed of heterogeneous materials and often exhibit 
unique geometric forms. Analysing their structural behaviour is challenging due to 
geometric complexity, isotropic material properties and historical deformations. The 
mesh-based methods of Finite-Element Analysis (FEA) are consumptive in time and 
computational power, but innovative approaches such as Isogeometric Analysis (IGA) 
offer faster results with competitive accuracy. In this study, the structural behaviour of the 
arches and vaults of mansions in Mardin, which stands out with their unique historical 
stone architecture, are investigated using IGA. 3D models obtained using 
photogrammetric modelling were supplemented with a parametric chord method to 
abstract the complex geometries of the structure. The chord method parametrically 
transforms different vault ribs from 2D to 3D. Then a parametric NURBS model of the 
arches and vaults under investigation is developed in Grasshopper. The structure's stress 
accumulation and potential damage risks were determined by applying different loading 
scenarios in the analyses. The results show that high-stress accumulation occurs at 
certain points, and the risk of possible damage increases in these areas. The fast and 
relatively accurate analyses obtained with the deployed methods offer innovation in 
structural safety assessments of historic buildings under risks. Our study not only 
contributes to the conservation and strengthening of historic buildings but also has 
practical implications. It facilitates the creation of digital twins, enabling real-time 
monitoring of structures in a virtual environment and the swift identification of 
vulnerabilities. In conclusion, the IGA method is not just an effective tool for preserving 
cultural heritage but also reliable support for the long-term sustainability of buildings. 

Keywords: Isogeometric Analysis, Finite Element Analysis, Parametric Chord Method, 
Masonry Architecture, Historical Structures.

INTRODUCTION 
Digital technologies, particularly digital tools, are 
playing a crucial role in the preservation of 
historical centres and cultural heritage. These 

tools are transforming how we interact with the 
architectural and cultural past, providing essential 
support for the activities of knowledge, 
documentation, processing, and planning of 
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interventions on the existing architectural 
heritage. Today, it is impossible to consider the 
activities of recovery and conservation of 
historical centres and cultural heritage, in general, 
unrelated to technological advancement and the 
use of digital tools. These tools have now become 
essential, highlighting the urgency and 
importance of our work in preserving our 
architectural heritage (Porcari and Porcari, 2024).   

A parametric system can be considered a tool 
to mediate between the content of both analog 
and symbolic representations, capturing 
procedural knowledge about the form and 
declarative knowledge on formation and 
performance in the definition of algorithms and 
parameters (Dino, 2012). Parametric tools play a 
crucial role in architectural heritage by offering 
various geometric, structural, material, and digital 
features of historic architectural heritage. 
Therefore, the medieval 2D and 3D processes 
relied on rule-based geometry, which has become 
increasingly prevalent in contemporary 
architectural design practice using generative 
design software (for example, Grasshopper 3D) 
(Webb and Buchanan, 2019). The idea was to 
encode the mathematical formulas for various 
types of curves in software, let the user input 
parameters specifying instances of these curves, 
and employ display routines to trace these 
instances on screens (Mitchell, 2001).  

Parametric tool-based methodology allows 
for developing a system in which the relationships 
between form, structure, material, and simulation 
(analysis) in the digital environment. This research 
illustrates a collaborative approach of parametric 
design of recovery of historical vault construction 
techniques and parametric experimentation of 
historical vaults to analyse the structural stability 
of historical vaults for a seamless flow of 
information from the parametric vault model to 
finite element analysis.  

Stone has long been widely used as a building 
material, playing a significant role in urban 
architecture until the 19th century, when it was 

relegated to the simple role of ornamentation 
(Zarcone, 2024). Vaults, generally curved masonry 
structures, were mainly used as a structural 
solution for spanning wide openings. In Europe, 
they were mostly developed during the Roman 
Empire and improved in the Middle Ages and the 
Renaissance (De Fabrizio and Mallardo, 2023).  

The structural safety of historical masonry 
architecture has become prominent for analysing 
the tensile stresses and compressive strength, 
which is assumed to be unbounded, and no 
sliding failure is allowed between units (Barsi et 
al., 2025). Vaults, originally conceived to bear 
vertical loads, have also withstood seismic events 
due to their intrinsic longevity, which highlighted 
their poor performance against lateral loads; 
furthermore, as vaults are predominantly found in 
premises now serving both typical vertical loads 
and rarer seismic events, prompting a significant 
body of scientific analyses and studies aimed at 
proposing theoretical and computational 
methods, numerically testing case studies, 
conducting experimental surveys, and 
recommending strengthening techniques (De 
Fabrizio and Mallardo, 2023).   

For the integrated information flow from 3-D 
modelling to analysing masonry vaults, many of 
which require 3D modelling, parametric tools are 
utilised to reduce modelling time compared to 
conventional modelling and accurate data 
transfers for structural analysis within the 
software. Digital software enabling generative 
design, Grasshopper 3D, aids our understanding 
of these processes, particularly in establishing 
geometric rules, mimicking medieval design 
methods, and increasing modelling speeds, 
consequently giving more time and focus on 
analysis (Webb and Buchanan, 2019).  

Most studies focus on medieval vault design 
within digital software, adhering to common 
medieval design principles such as body 
proportions, floor plans, and vaulted ceilings, all 
with a similar level of precision. Webb and 
Buchanan (2019) reviewed the role of generative 
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design tools in the literature, specifically applied 
to Gothic architecture, investigating Gothic 
window tracery, vaulted ceilings, and complex 
motifs. While these studies make significant 
contributions to the use of generative design 
tools in architectural heritage, particularly 
through the geometric ratios of Gothic 
architecture—which often feature precise 
symmetrical forms (Figure 1)—this study aims to 
analyse the geometric ratios and proportional 
representation of vaults in Mardin, a topic rarely 
addressed in existing literature. The figure 
highlights the key differences: while Gothic 
vaulted ceilings tend to exhibit symmetrical 
geometric ratios and proportions, the vaults in 
Mardin generally lack these features, thus 
presenting a novel contribution to the analysis of 
masonry vaults in Mardin.  

 
 
 
 
 
 
 
 
 
 
 
 
 

DIGITAL HERITAGE FORENSICS 
Digital technologies and methods enable 
effective conservation of historical buildings. 
Among them, 3D digital technologies, laser 
scanning, photogrammetry and BIM (Building 
Information Modelling) are the most widely used 
(Mendoza et al., 2023). In some cases, building 
surfaces are modelled using point cloud data 
generated at high speed with Terrestrial Laser 
Scanning (TLS) for a detailed result. In this way, it 
is possible to detect deterioration and structural 

integrity deficiencies on the interior and exterior 
surfaces of the building. However, this may result 
in excessive information for some cases. As a data 
collection method, Unmanned Aerial Vehicles 
(UAV) provide detailed visual data in terms of 
both the general geometric form of the building 
and the behaviour of the material used from 
places that are difficult to reach in 
photogrammetric surveys. One of the use cases of 
such surveying results is the integration of virtual 
reality platforms for interactive engagement 
(Zachos et al., 2024).  

These high-resolution models also enable 
researchers to decode risk-posing situations, such 
as surface deterioration, stains and cracks in 
historical buildings, by performing quantitative 
analyses using image processing, classification on 
the basis of artificial intelligence, automatic 
damage mapping and tracking in digital 
environment. In this context, not only digital 
documentation is created for the protection of 
the historical building, but also makes it possible 
to follow up and make decisions that extend to 
advanced processes (Fino et al., 2023). On the 
contrary, these advanced solutions may be 
exhaustive. To respond, the research continues to 
seek optimised representations instead of high-
resolution images and high-fidelity laser scanning 
data. In this context, earlier works regarding 
Mardin’s historical urban landscape include the 
use of laser scanning of historical buildings for the 
dissemination of their cultural value (Kalak et al., 
2023) as well as their structural performance 
(Kutlu and Soyluk, 2025).  

Today, generative design tools enable direct 
transformation of NURBS information into 
analysis models without even loosing geometrical 
information during meshing (Lai et al, 2016). This 
process is relatively novel to architectural 
structural analysis and called Isogeometric 
Analysis (IGA). It originates from Finite Element 
Analysis (FEA) with a crucial difference during the 
generation analysis model that does not require 
the model to be transformed into mesh (Kiendl et 

Figure 1  
Photos of 19th 
century Neo-
Gothic vaults of 
Friedrichswerder 
Church and 
Cologne Cathedral 
Photos by author. 
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al., 2014). Kiwi3d is one of the solutions that 
enable designers to perform IGA on NURBS 
models (str.ucture, n.d.). This study utilises Kiwi3D 
to generate an analysis from parametrically 
defined NURBS models of vaults. Modelling 
parametric representation of complex structures 
enhances the use of adaptive models in different 
contexts and conditions (Goldberg, 2006). This is 
the reason why historical vaults with complex 
details can benefit from parameterisation 
processes in analysis. The next section is 
designated to the explanation of the 
methodology which is tested in the context of 
Mardin’s historical stone vault systems. Within the 
methodology section, the parameterisation of 
from modelling to analysis is explained 3D 
diagrams with notations drawn on images to 
demonstrate how the chord method is applied to 
achieve abstraction. It continues with the 
explanation of the discretisation through NURBS 
models and the performance results of the IGA 
tests. Subsequently, the paper provides findings 
from the IGA tests and discusses the limitations 
and conditions applied to the tests. 

METHODOLOGY 
The methodology consists of four main stages, 
namely surveying through photogrammetric 
modelling, generation of parametric chord 
method, parametric NURBS modelling through 
chords, Isogeometric Analysis (IGA) of the 
models. This paper’s focus is more on the 
parametric chord method and IGA analysis than 
photogrammetric modelling techniques. 
Photogrammetric models consist of mesh 
geometries, whereas the primary condition and 
the specific contribution of the IGA method is that 
it unifies the design and analysis of geometries. It 
may be asked why IGA must be used if the initial 
model is a mesh of photogrammetry. The reason 
why we are using IGA’s NURBS technique is that 
the study incorporates a parametric curve/spline 
system in the chord method in the second stage 

of the methodology. It is one of the experiments 
of this study that the definition of a previously 
developed chord method has been updated from 
drawing diagrams into parametric topologies.  

As the methodology involves two major 
explorations which are the parameterisation of 
the chord method and vault systems, it has been 
particularly a challenging to create an all-
connected functional system of surveying, 
diagrammatising, modelling and analysis. 
Therefore, each methodological stage 
incorporates multiple experiments and feedback 
loops to arrive at a particularly interconnected 
solution. Five interesting vault examples which are 
selected from four historical monuments are 
tested in this work, whereas the building names 
are coded as the following list: 

• Mardin Old City Hall shortened as EHK 
• Sakıp Sabancı Mardin City Museum as SSM 
• Şehidiye Mosque as SM 
• Mardin Museum as MM 

Data gathering: photogrammetric 
survey 
The historical structures of the study are visited 
using a mobile LIDAR camera (iPad Pro) with a 
photogrammetric modelling application (3D 
Scanner App®) installed. Photogrammetric 
models are saved in mesh geometries which are 
exported as OBJ files and directly imported into 
Rhinoceros®. It may be thought that the 3D initial 
data of the photogrammetric models can directly 
be informed into a finite element analysis which 
traditionally deploys mesh geometries. However, 
this research seeks the abstraction of vaults’ 
variables as NURBS geometries, be it lines or 
surface, thus a flexible approach incorporating 
the modelling and analysis stages. The generated 
photogrammetric models present a sufficient 
level of detail to proceed with testing the rest of 
the methodology (Figure 2).  
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The photogrammetric models are used to 
measure and disclose the reality that the vault 
systems are not particularly perfect even in 
monumental buildings (Figure 3). This presents 
the level of construction technology in the 
context of Mardin, whereas the ability to adapt 
contextual conditions into buildings also 
demonstrates a high level of problem solving on-
the-go. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

Therefore, the parameterization of the 
contextual imperfection informs the abstraction 
approach of the chord method which is necessary 

to resolve the complexity of the domain of vault 
measures, ranging between even tens of 
centimeters. The dimensioning process begins 
with name-coding of the apexes (Figure 4).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parameterisation from modelling to 
analysis 
After measuring the survey points of vault 
geometries, we begin to incorporate parametric 

Figure 2 
Photogrammetric 
models. 

Figure 3 
Most of the vault 
systems in Mardin, 
even in 
monumental 
buildings 
incorporate 
inclined impost 
levels (bld_2: SSM) 
 

Figure 4 
Defining apex 
points of the 
arches (bld_5: 
MM).  
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modelling with analysis stages. The abstraction 
through chord method enables us to decode the 
variations of the existing vault measurements 
(Figure 5). Having abstracted the vault structure 
with points and lines, we created NURBS models 
that would discretise the analysis process in 
Isogeometric Analysis (IGA) solver. Following 
sections detail these steps in GH. 
Abstraction through chord method. Firstly, the 
points for the column bases were defined using 
the Construct Point component. The opposing 
points in the Z direction were connected using the 
Line component to create vertical lines.  The 
points located at the tops of the columns (B and 
C) were connected using the Line component to 
define the impost level. To determine the apex 
(point A), the midpoint of the impost level line 
was found and moved in the Z direction to 

establish point A. Lines were created by 
connecting points A-B and A-C. The midpoints of 
these lines, K (midpoint of AB) and L (midpoint of 
AC), were identified. To create perpendicular lines 
from points K and L to the impost level, the 
Reparameterize Curve plugin was used to 
reparameterise the curves (AB and AC). The 
reparameterised curves were then connected to 
the Perp Frame component’s Curve input, 
generating perpendicular frames at points K and 
L. The Line | Plane component was used to create 
additional points (E and N) at the impost level, 
ensuring that the new lines formed a right angle 
with K and L. The newly obtained point N serves 
as the center of the AC arc in the intended arch 
structure, while point E serves as the center of the 
AB arc.   

 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 

Finally, the desired perpendicular lines were 
created by connecting points K-E and L-N. In the 

measurements taken on the photogrammetric 
model, the height of springing points of B and C 

Figure 5 
Components of 
the parametric 
chord method 
generated in GH, 
consisting of 
vertices (A, B, C), 
mid-points (K, L) 
and their 
perpendicular 
intersections on 
the impost level.  
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Bld. Springing 
points 

Impost 
length 

Apex 
height 

EHK 215 (min) 
226 (max) 

329 (min) 
348 (max) 

162 (min) 
183 (max) 

SSM 225 (min) 
267 (max) 

366 (min) 
407 (max) 

242 (min) 
261 (max) 

SM_1 289 (min) 
323 (max) 

172 (min) 
403 (max) 

168 (min) 
196 (max) 

SM_2 260 (min) 
385 (max) 

387 (min) 
506 (max) 

215 (min) 
292 (max) 

MM 301 (min) 
309 (max) 

208 (min) 
260 (max) 

60 (min) 
105 (max) 

 

varies between 215 cm and 385 cm; the impost 
level clearance (the distance between springing 
points) between 172 cm and 506cm; and the apex 
height (the distance of point A to the impost level) 
between 60cm and 292 cm (Table 1). All of these 
variations have been modelled iteratively through 
the parametric chord model although the no 
individual case was a duplicate of another 
iteration.  

 
 
 
 
 
 
 
 
 
 
 

Discretisation of NURBS modelling. 
Traditionally in FEA, the discretisation occurs in 
the meshing process, however, IGA performs it on 
NURBS without breaking the model down to 
blocks, which is controlled as a degree of 
resolution in Kiwi3D. The measurements are 
drawn on photogrammetric models which is 

followed by simple extrusions (Figure 6). To 
convert the created chord into a model, a 
thickness was added outward. With this added 
thickness, the 2D drawings were transformed into 
surfaces, resulting in a 3D model. In the context of 
Kiwi3D’s (str.ucture, n.d.) NURBS-based analysis, 
this process involves offsetting the initial curves 
to generate a thickened shell geometry, which is 
then discretized into surface elements for 
structural simulation. By that, the 2D NURBS 
framework is converted into a computationally 
viable 3D representation suitable for IGA.  
Isogeometric Analysis (IGA). The analysis stage 
outlines the process of setting up and analysing a 
masonry structure using Kiwi3D in Grasshopper. 
The structural model, including vertical supports, 
vault surfaces, and arches, is first converted into 
shell elements. Since stone is not available in the 
default material library, a custom discrete material 
is defined and assigned. To ensure accurate 
simulation, surface refinement is applied, and 
structural supports are established at the bases of 
piers. A surface load is then assigned to represent 
dead loads, after which the complete analysis 
model is executed. The results are visualized using 
deformation models and colour plots to illustrate 
displacement behaviour (Figure 6). Yet, 
distortions may occur if the shell thickness is too 
low. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1 
Measurement 
domains of the 
vault systems in 
different buildings 
(in cm). 

Figure 6 
Parametric chord 
diagram prior to 
extrusions into 
NURBS models 
and Isogeometric 
Analysis (IGA) 
results based on 
the following 
parameters: 
YoungsModulus 
(1000), Density 
(10), Strength 
(1000), ElementRef 
U&V (5&5), 
Thickness (5), 
Loadtype (DEAD) 
and Value (10) 
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FINDINGS AND LIMITATIONS 
The findings of our study are three-fold: (a) the 
parametrization of an existing method called the 
chord; (b) enhancing various parametric vault 
designs and the chord method; and (c) the 
integration of Finite Element Method (FEM) to 
parametrically designed vaults.  

The parametrization of the existing method 
enables designers to work in a dynamic, rule-
based design environment where multiple design 
solutions can be generated simultaneously in a 
short time. The chord method is formalized within 
a parametric modelling environment that can 
quickly generate variations of the model by 
responding to parametric changes and 
dependencies, enabling multi-level interaction 
with the vault design process. This results in 2D 
and 3D representations (visualisations) of the 
vault design. Therefore, users can interact with 
these visualisations and control the parametric 
variations of the parametric model 
simultaneously. 

In this study, to enhance various parametric 
vault designs, parameters are defined as values 
within the parametric 3D vault model and 
variables are defined as the Apex point (A), Apex 
height, impost level (B, C), and construction points 
(K, L, N, E) which can be easily adjusted using 
number sliders. By controlling these parameters, 
multiple design solutions as symmetrical and 
asymmetrical vault designs and optimizations for 
structural integrity and sustainability can be 
generated in parallel. Compared with a 
conventional, non-parametric CAD modelling 
environment, parametric vault design enables the 
fast production and analysis of vaults. Particularly, 
when vault complexity increases, the variables 
and parameters of the vault design also become 
more complicated to model using non-
parametric environments, highlights the 
advantages of a parametric modelling 
environment.  

The third contribution of this study is the 
analysis of various 3D vault models through Finite 
Element Method (FEM) within the rapid 
integration of design parameters. While designers 
adjust the model by changing these parameters, 
they can easily observe their effects through FEM 
outcomes by switching between different views 
and evaluating the result in real-time. The 
comparison of vault design variations through 
FEM in a parametric environment provides 
continuous feedback for the modelling process. In 
addition, this study enhances 3D parametric vault 
design modelling and FEM analysis by integrating 
them into a single design process, promoting 
analysis-based decision making during the 
modelling phase.  

DISCUSSION AND CONCLUSION 
The structural assessment of historic masonry 
structures involves highly advanced technologies. 
The identification of potential risks enhances their 
preservation with precautionary measures to be 
taken by conservationists. These risks often 
require high-fidelity data so that researchers can 
recognise right steps to be recommended. 
However, information overload disables the 
technologically advanced processes’ goal for 
effectiveness. One of the reasons that increase the 
amount of information in analysis software is 
meshing as the universal representation mode of 
geometry. The abstraction of the geometry into 
more adaptable and controllable formats may 
faster, yet, still acceptable levels of accuracy for 
analysis.  

In this work, the chord method allows us to 
understand the principles of stone structures with 
unique geometric properties. The deployed chord 
method is rather an abstraction than 
simplification. Therefore, it carries risks which are 
being tested in this study and further research is 
required. Ideally, it should allow us to make 
smooth transformation from 2D to 3D model with 
parametric features. By varying the centre point, 
radius and impost level height of the arches with 
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sliding parameters, the production and analysis of 
different arch curves can be done with the 
abstraction provided by the chord method. To 
increase the adaptability of the entire process into 
different conditions, we combined the NURBS-
based Isogeometric Analysis (IGA) instead of 
Finite Element Analysis (FEA) and the 
parameterisation of surveyed geometries.  

In conclusion, this research demonstrates the 
effective application of computational design and 
structural analysis tools. In this work, Kiwi3D and 
NURBS discretization are deployed to model and 
analyse masonry structures in Mardin which show 
innumerous variations in size and style of their 
vault systems. To deal with this complexity, a 
parametric chord method was developed. Based 
on previous studies on nearly perfect Gothic vault 
systems, the chord method provides efficient 
foundation for its parameterisation in this 
research, however, it is found that vault systems 
of informal architecture require more advanced 
geometric correlations to be coded. By converting 
2D curves into 3D shell elements and refining 
material properties and mesh resolution, the 
study provides a comprehensive approach to 
simulating complex architectural forms, ensuring 
both structural integrity and modelling accuracy. 
The findings will be used to further develop an 
innovative modelling-analysis framework based 
on IGA and the chord method.  
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