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ABSTRACT OF THE DISSERTATION
CROSS-DISCIPLINARY IMAGE-BASED APPROACHES FOR HERITAGE
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by
Mohammad Ibrahim Abu-Haifa
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Miami, Florida

Professor Seung Jae Lee, Major Advisor

Preserving our cultural heritage requires ensuring the protection and maintenance of its
tangible aspects such as historic structures and artworks. Therefore, their comprehensive
analysis is a critical step towards their preservation. This study focuses on two key areas:
unreinforced masonry structures and the craquelure patterns found in historic paintings by
presenting two novel image-based analysis frameworks with the goal of developing more
effective methods for preservation and restoration. The first framework utilizes image
processing techniques, impulse based dynamics, and discrete element method, resulting in
a streamlined methodology for efficient vulnerability assessment of masonry structures.
The framework involves using several techniques such as image segmentation, polygon
approximation, and geometric analysis methods. The splitting and Douglas-Peuker
polygon approximation methods are adopted to enhance computational efficiency of the
analysis. Even if the splitting method slightly outperforms Douglas-Peuker method, results
show that both methods can simplify brick shapes with a high-fidelity level. This
framework is applied on a real single-wythe masonry structure, Stylite Tower in Jordan, to

examine its applicability, by investigating the impact of an earthquake of a magnitude 7

Vi



Richter on the structure, which can provide critical domain knowledge that can be useful
for disaster preparedness.

This dissertation also highlights a phenotypic trait of historic paintings. This approach uses
image processing techniques to convert the craquelure image into binary image, where the
islands are presented in white pixels and the cracks in black. Then, geometric analysis is
conducted by converting each island into a polygon and finding its area and perimeter. The
obtained data are plotted in a log-log scale, where the x-axis represents perimeter/area and
the y-axis represents the area, and the probability distribution of the data are determined in
terms of bivariate ellipses. Results show that image processing helps in investigating dating
and provenance of craquelure patterns, as they have a phenotypic trait, which can aid
historians preserving ancient artworks. Also, it is noted that when historic paintings are
from the same origin and time period, they are more likely to exhibit similar craquelure
behavior.

Overall, the research makes significant contributions to the fields of engineering and art

preservation.
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CHAPTER 1. INTRODUCTION

This dissertation explores the use of image-based analysis for the evaluation and
preservation of two types of cultural heritage materials - historic masonry structures and
paintings with craquelure patterns. The research questions addressed in this dissertation are
how image-based analysis can be used to study the structural aspects of masonry structures
and the visual aspects of craquelure patterns on historic paintings. Despite their differences
in nature and materiality, these two heritage materials share a common need for evaluation
and preservation, and the use of image-based analysis offers a promising approach to meet

these needs.
1.1  Analysis of Masonry Structures
1.1.1 Masonry as structural material

Masonry is a commonly used structural material that consists of units made from materials
such as brick, stone, or concrete blocks and bound together using a joint material like
mortar (Praseeda et al. 2015). Mortar is typically made of cement, sand, and water (Muhit
et al. 2014). One of the primary advantages of masonry is its strength, durability, and fire
resistance, making it a popular choice in construction (Hendry 2001). Masonry structures
are known for their load-bearing capacity (Bakeer 2016), and they are used to support
walls, foundations, and arches among other structural elements (Zhang et al. 2018).
Facades are another popular application of masonry, where the material's weight and
durability make for long-lasting and protective facades (Ferreira et al. 2014). It is also used
in the construction of retaining walls for soil stabilization and flood protection (Pulatsu et

al. 2021).



Masonry’s thermal mass can also aid in energy efficiency by stabilizing interior
temperatures, and reducing the need for heating or cooling (Ismaiel et al. 2022; Zedan et
al. 2016). Although the initial cost of masonry construction can be high (Marques and
Lourenco 2014), it is often seen as a long-lasting and low-maintenance option
(Abdelrahman et al. 1993; Nayak and Dutta 2016). The fire-resistant nature of masonry
also makes it ideal for constructing fire-resistant walls and partitions, chimneys, and
fireplaces, as it can effectively withstand high temperatures (Lawrence and Gnanakrishnan
1987; Russo and Sciarretta 2013). The compressive strength and rigidity of masonry make
it an excellent choice for resisting vertical loads (Cavaleri et al. 2005; Zampieri et al. 2020).
However, because masonry is not a flexible material, its ability to resist lateral forces is
limited and requires additional measures to prevent collapse during natural disasters, such

as earthquakes (Kappos et al. 2002; Yi et al. 2006).

There are several types of masonry, each with unigque properties and characteristics. Brick
masonry is the most common type of masonry and is made from clay that is formed into
rectangles and then baked at high temperatures (Furtado et al. 2020). Stone masonry
involves using natural stones, such as granite, limestone, or sandstone, to create walls and
other structures. This type is common in monumental and historic heritage (Angiolilli et
al. 2021; Juhasova et al. 2008). Finally, concrete block masonry is another type of masonry
material, which uses precast concrete blocks to build walls and other structures. This type

is common in building the partitions and facades (Brocken and Nijland 2004).



1.1.2 Historic masonry structures

Historic masonry structures are a vital part of human history and our built environment,
serving as testaments to the artistic and architectural achievements of different cultures.
These structures were constructed using different types of masonry materials and are
known for their durability, strength, and inherent beauty. They have stood the test of time
and have witnessed major historical events, serving as visual records for future generations

(Krentowski et al. 2023).

Historic masonry structures are considered as cultural assets that have a scientific value, as
they provide valuable historical, engineering, and architectural information, which enables
researchers and engineers to better understand the techniques and materials used in the past
(Binda et al. 1997). These structures have been the focus of many preservation and
restoration projects, not only to maintain their integrity but also to understand better the
techniques that enabled their original builders to create such long-lasting structures, which

have remained durable over centuries (Klusaéek et al. 2021; Wilmers 2012).

Historic masonry structures are also substantial evidence of the cultural, economic, social,
and intellectual foundation that contributes to the formation of society and the development
of civilization (Hendry 2001; Kemp 2006; Trigger et al. 1983). In many cases, these
structures may hold great significance to the people who occupied them, served as places
of religious worship, or city halls, museums, and other government buildings, or the
birthplaces of significant personalities in history (D’Amato and Sulla 2021). Therefore,
they often serve as landmarks that draw visitors from around the world, contributing to

economic development through tourism revenues (Petroman et al. 2020; Vicente et al.



2018). Thus, they are significant to world heritage preservation, and maintaining and

conserving them is a responsibility shared by the present and future generations.
1.1.3 Bonds in masonry structures

Bonds are an essential aspect of masonry structures and considered one of the significant
building components that provide strength and durability (Sarangapani et al. 2005). The
bond is the arrangement of masonry units (e.g., bricks or stones) in a specific sequence to
form a structural pattern. Bonds strengthen the masonry structure by transferring the load
from one unit to the other and distribute the stress evenly to reduce cracking or failure.
Hence, good bonding is critical for the stability, safety, and resistance of the structure as it
creates a robust and stable connection between masonry units to resist the stresses and
movements that occur in a structure (Zhang and Beyer 2019). Without proper bonding, a
masonry structure can experience cracks, movements, and shifting, and loss of load-
bearing capacity, even when subject to minor stresses (Hossain et al. 2016). Therefore, the
appropriate selection and execution of bonds are crucial in ensuring the safety and
longevity of the structure, as their significance in masonry structures cannot be overstated

(Foraboschi 2019).

Different types of bonds have been used throughout history to create stable and
aesthetically appealing masonry structures. Some types of bonds include the common
bond, stretcher or running bond, English bond, Flemish bond, and stack bond (Reid 2004).
Figure 1.1 illustrates how the bricks are arranged in these types. Each bond type has unique
advantages and limitations in terms of functionality, strength, and appearance, as well as

effects on structural behavior and stability (Ahiwale et al. 2023). Therefore, selecting the



appropriate bond depends on the intended use of the structure, its location, design, size,

and shape (Basha et al. 2022).

a) b) c)

(="

e)

Figure 1.1. Several types of bonds in masonry walls; a) running, b) common, ¢) English,
d) Flemish, and e) stack (Archtoolbox 2023); Images reused with written permission from
Archtoolbox.

1.1.4 Vulnerability assessment of masonry structures

Despite its strength and durability, masonry structures are still susceptible to a range of
risks that can affect their integrity and stability, lead to their failure, reduce their longevity,
and increase the chances of harm (Micelli and Cascardi 2020). These risks can include
natural hazards such as earthquakes, floods, and windstorms, as well as human-made risks
such as poor maintenance, lack of proper building codes enforcement, or terrorist attacks
(Micelli and Cascardi 2020; Nayak and Dutta 2016). The mortar and the bricks are both
known to be "quasi-brittle materials" whose mechanical performance could be affected
under seismic loadings, making unreinforced masonry structures extremely vulnerable to
earthquakes. Due to the lack of a strong connection between structural elements and the
insufficient stiffness of horizontal floors, unreinforced masonry structures are also very
vulnerable to lateral cyclic loads that include the combined in-plane and out-of-plane
collapse mechanism and out-of-plane bending behavior of walls (Bruneau 1994; Roca et
al. 2010; Valluzzi and Sbrogio 2019). Figure 1.2 shows the distribution of unreinforced

masonry structures in relation to other structural systems in European nations.
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Figure 1.2. An approximate map of the distribution of unreinforced masonry structures and
the number of all buildings in European countries (Shabani et al. 2021).

As masonry structures age, they also become more susceptible to risks such as structural
deterioration, foundation settlement, and deformation (Tumialan et al. 2001). Given the
risks that can affect masonry structures, it is essential to conduct vulnerability assessments
to evaluate their overall safety and risk. A vulnerability assessment is an essential part of
the risk management process, providing a systematic and comprehensive evaluation of the
structure's potential vulnerability, identifying its critical components, and assessing the
likelihood and potential consequences of risk scenarios taking place to create an effective

risk management strategy to reduce these risks (Moret 2014). This can ensure that masonry



structures continue to stand the test of time, preserving cultural heritage, and protecting

people’s safety (Asteris et al. 2019; Shabani et al. 2021).

By conducting a vulnerability assessment, engineers can evaluate the building's structural
capacity and functionality, its level of maintenance, and the degree of seismic risk in the
location (Shabani et al. 2021). Through this process, engineers can identify the critical
components, which may need reinforcement or rehabilitation, as well as where
maintenance or retrofitting work is necessary to reduce the risks and maintain the
structure's integrity. By doing this, the safety and longevity of masonry structures can be

taken care of, helping to ensure their safeguard for future generations.
1.1.5 Numerical simulations for masonry structures

Numerical simulations are an effective tool for the evaluation of risks in masonry
structures. Numerical simulations are virtual models that replicate the behavior of real-
world masonry structures under different conditions, such as earthquake loading, wind
loads, and extreme weather conditions, among others (Brunelli et al. 2021; Pellegrini et al.
2023; Penna et al. 2016; Vemuri et al. 2018). One of the key advantages of numerical
simulations is their ability to provide accurate and detailed information on the behavior of
different components of masonry structures, such as walls and arches to identify potential
failure points, opportunities for structural upgrading, and recommendations for structural
strengthening, retrofitting, and maintenance to reduce risks and manage the overall safety
(Wang et al. 2018a). They can evaluate the capacity, functionality, and efficiency of the
structure, as they can run through multiple scenarios, which is especially useful for

assessing risks of natural hazards such as earthquakes (Brunelli et al. 2021). Compared to



traditional physical testing, numerical simulations are cost-efficient, fast, and provide a
high-level of accuracy (Diz et al. 2015). They also offer a dynamic visualization of
structural response (Kaya et al. 2023), which makes it easier for engineers and stakeholders

to understand and determine the potential consequences of decisions made on the structure.

There are two main types of numerical simulation methods that can be used to assess the
vulnerability of masonry structures. These include i) the finite element method (FEM), and
ii) the discrete element method (DEM) (Lourenco 2002). FEM is used in assessing the
vulnerability of masonry structures by analyzing stress and deformation of masonry
structures under different loads (Theodossopoulos and Sinha 2013). FEM models masonry
walls as a continuous material with finite numbers of elements (Lee and Hashash 2015).
FEM has a well-established theoretical background with a significant number of previous
studies on its application in masonry structure for (Tzamtzis and Asteris 2003). However,
FEM in masonry structures is limited in the sense that it doesn’t model the interaction
between individual blocks (Lee and Hashash 2015). It also cannot account for the complex
behavior of joints and connection elements, which can affect masonry walls' performance
under loads (Lemos 2007). On the other hand, DEM can be used to model the behavior of
masonry walls as a system of discrete interacting elements, by simulating the behavior of
each individual brick (Abu-Haifa and Lee 2022). The method can also predict the behavior
of masonry walls under various loading conditions, including static, dynamic, and seismic
loads (Pulatsu et al. 2016). The main advantage of DEM is its ability to model the complex
behavior of masonry structures, including their realistic geometric shapes and material
heterogeneity (Pulatsu et al. 2016). In addition, DEM can simulate the interaction of

individual blocks, joints, and cracks, providing more accurate and detailed results of



masonry wall performance under different conditions (Abu-Haifa and Lee 2022).
However, the selection of the appropriate simulation method highly depends on the
research question, the purpose of the analysis, the complexity of the structure, and the data

available (D’Altri et al. 2020).

As DEM gives more accurate and realistic simulation results, it has been widely used to
model and analyze the behavior of masonry structures, and it is increasingly becoming
common in several applications. These applications include structural analysis, failure
mechanism investigation, material characterization, and optimization studies. For the
analysis, it has been used to study the strength and deformation of several elements in the
structure such as arches and vaults (Fang et al. 2018), domes (Paris et al. 2020), and wall
panels (Baraldi et al. 2018). Furthermore, it has been employed in masonry structures to
investigate the formation and propagation of cracks, slip of bond interfaces (Bui et al. 2021;
Pulatsu et al. 2016), debonding of connections (Petersen 2009), and the mechanisms of
aging and deterioration of historic buildings under different load scenarios (Pulatsu et al.
2016). DEM can also provide valuable information about the micromechanical behavior of
masonry structures by analyzing the behavior of individual bricks (Pepe et al. 2020),
assessing their fracture and deformation properties (Pulatsu et al. 2020), and exploring the
material parameters of masonry structures such as tensile strength (Pulatsu et al. 2019),
shear strength (Cuong et al. 2022; Petersen 2009), and elastic modulus (Radi et al. 2019).
Lastly, optimization studies have been conducted using DEM to find the optimal design of
masonry structures under various performance criteria such as safety, cost, and energy use

(Boni et al. 2019).



1.1.6 Imaging techniques in masonry structures

In the past, the assessment of masonry structures involved mainly visual inspection, which
is subjective and limited in its ability to identify early-stage damage. Non-destructive
testing (NDT) techniques based on various sensing modalities have thus been developed
and employed to overcome this limitation in monitoring the structural health of masonry
constructions (Martinez-Soto et al. 2021). Among these NDT techniques, imaging
techniques have emerged as a powerful tool for monitoring the health of masonry
structures. The use of imaging techniques allows for non-invasive and non-contact damage
detection over a large area by providing high-resolution and high-sensitivity imaging data
(Popovics 2003). Imaging methods have shown great potential for detecting and
characterizing various types of damage to masonry structures, including cracks, voids, and
delamination, as well as for assessing the overall condition of these structures (Kassotakis
and Sarhosis 2021). The use of imaging techniques in masonry structures for health
monitoring is considered as a promising area of research since they have the potential to

improve the safety and longevity of masonry structures (Loverdos et al. 2021).

The use of imaging techniques in masonry structures for health monitoring has several
advantages as they: 1) are non-destructive, meaning that they do not require any physical
alteration of the masonry structure being monitored (Popovics 2003). This makes it a useful
tool for assessing the condition of culturally significant structures that cannot be altered, 2)
can detect defects that are not visible to the naked eye, which can help prevent structural
damage (Qiu 2020), and 3) can be used to monitor the health of the structures over time,

which can help prevent costly repairs and maintenance (Pla-Rucki and Eberhard 1995).
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However, each imaging technique has its advantages and limitations, making them useful
in a variety of applications. Some of the most commonly used imaging techniques in health
monitoring of masonry structures include infrared thermography (IRT), ground penetrating
radar (GPR), ultrasonic testing (UT), X-ray imaging, digital image correlation (DIC),
photogrammetry, acoustic emission testing, and laser scanning (Gupta et al. 2022; Kumar

et al. 2019; Luo et al. 2021; Stavroulaki et al. 2016; Verstrynge et al. 2021).

Studies showed that numerical simulations can still be improved through the
implementation of imaging techniques due to the detailed information that they can
provide. For example, structure from motion (SfM) is a photogrammetric approach that
uses digital images to reconstruct the 3D geometry of masonry structures (Schonberger and
Frahm 2016). Through SfM, a series of images taken from different angles are used to
triangulate common points and produce a 3D point-cloud of the structure, which can then
be used to generate a 3D model of the structure (Iglhaut et al. 2019). Figure 1.3 presents
an example for the use of SfM on the 3D reconstruction of a masonry bridge. The resulting
3D models can then be used to extract information such as brick sizes, shapes, and
orientations, which cannot be easily obtained otherwise (Kassotakis et al. 2021). Once the
3D model is constructed, FEM and/or DEM simulations can be performed by using the
model as an input (Kassotakis and Sarhosis 2021). This will automate the analysis, thus
decrease the modeling time, and increase the model's accuracy and reliability, which lead
to more accurate predictions of the strength, deformation, and damage evolution of
masonry structures (Kassotakis et al. 2022). SfM also has the potential to incorporate
quantitative image analysis to provide information on the structure’s surface roughness,

efflorescence, voids and damage locations, and alteration patterns, which can also be input
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directly into the FEM and/or DEM models to simulate more realistic boundary conditions

for the walls (Ellenberg et al. 2014; Valero et al. 2019; Wang et al. 2019a).

Figure 1.3. A 3D dense point cloud for Jevington Church reconstructed using SfM (Green
et al. 2014); Image reused with written permission from the publisher.

1.2 Craquelure Analysis of Historic Paintings
1.2.1 Craquelure patterns as a painting fingerprint

Craquelure is the network of fine cracks that develops on the surface of a painting over
time as the paint dries and ages. Figure 1.4 presents an example of the cracks developed in
the Mona Lisa with a typical pattern of small islands. The pattern of craquelure is unique
to each painting and can be used to help authenticate it (Stork 2009). Craquelure analysis
of historic paintings involves heritage material and its evaluation (like masonry structures).
While masonry is an architectural material, and craquelures are a patina found on paintings,

both are part of our cultural heritage and, as such, can provide perspective and insights into
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our history. Additionally, both masonry and paintings with craquelure patterns can provide
insights into the age, origin, and evolution of the structures or paintings. Performing
craquelure analysis of paintings and risk assessment of masonry structures can play a
crucial role in the historic preservation of our heritage environment. This is through their
role in preserving the dates and origins of artworks and helping scholars to make informed
decisions on the most appropriate preservation strategies. This can range from preventative
measures such as changing the humidity and temperature of their storage environment, to
recommendations for repairs and maintenance that can help to extend the life of the

structure.

Figure 1.4. Crack pattern in the Mona Lisa with small islands.

In general, craquelure analysis is a non-destructive method of analysis that can provide
valuable information about the age, authenticity, and provenance of paintings (Bucklow
1998). For example, if a painting is alleged to be a work by a particular artist, but the
craquelure pattern does not match that of other known works by the artist, then it is likely
a forgery (Taylor et al. 2015). Craquelure can also be used to date paintings, as the pattern
changes over time, predict their origins as a country has its specific style and materials, and

understand the artists’ intentions (Bucklow 1999; Civil et al. 2002; Krzemien et al. 2016).
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The descriptive method is a valuable tool for art historians to analyze painting craquelures
using visual inspection to identify and describe the characteristics of craquelure patterns
(Bucklow 1997). To use the descriptive method, art historians first need to carefully

examine the painting.

Art historians look for some signs that may help such as:

e The materials used in the painting, such as the type of paint, canvas, or wood.

e The techniques used in the painting, such as the use of perspective, shading, and

composition.

e The overall style of the painting, such as whether it is realistic, abstract, or

somewhere in between.

e Any clues that can help identify the artist, such as a signature or a date.

o Any clues that can help date the painting, such as the fashions of the people depicted

or the historical events that are depicted.

Additionally, they look for some characteristics of craquelure patterns including i) size and
shape of the cracks, ii) direction of the cracks, iii) density of cracks, and iv) pattern of the
cracks. These characteristics can provide clues about the type of paint used, the artist's
painting technique, the age of the painting, the way the painting was stretched and hung,
and the environment in which the painting was created or restored. For instance, once art
historians have identified the characteristics of the craquelure pattern, they can then
compare the pattern to the patterns of known works by the artist. If the craquelure pattern

of a painting matches the patterns of other known works by the artist, then it is more likely
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that the painting is authentic (Barron and Sharma 2020). However, it is important to

remember that the descriptive method is just one tool that art historians use.
1.2.2 Image processing in craquelure analysis

In recent years, there has been a growing interest in using craquelure patterns for art
authentication and dating. This is due in part to the development of new technologies that
can help to analyze and visualize craquelure patterns. These technologies can be used to
create detailed maps of craquelure patterns, which can then be compared to the patterns of
known works of art (Kim et al. 2022). However, the use of craquelure patterns for art
authentication and dating is still a developing field, but it has the potential to be a valuable

tool for art historians and conservators (Bucklow 2020).

Image processing is a powerful tool that can be used to improve the accuracy and efficiency
of craquelure analysis, and for art historians and conservators who are working to study
and preserve paintings (Sidorov and Yngve Hardeberg 2019). Image processing can be
used in craquelure analysis in several ways. For example, craquelure cracks can be difficult
to see with the naked eye, especially on old paintings. Image processing can be used to
enhance the visibility of craquelure cracks, making them easier to study (Abas 2004). Also,
it can quantify the characteristics of craquelure cracks such as their size, shape, direction,
and density (Kim et al. 2022). This information can be used to help identify the artist of a
painting, to date a painting, and to authenticate a painting. Finally, image processing can
help identify forgeries and to study the evolution of an artist's painting technique over time

by comparing craquelure patterns between different paintings (Polak et al. 2017).
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1.3 Objective and Scope

This dissertation focuses on two heritage subjects concerning unreinforced masonry
structures and ancient paintings. The overall objective of this research is to develop an
automated approach for analyzing 2D images of masonry structures to evaluate potential
risks they face. Additionally, it aims to examine images of cracks found in art paintings in
order to differentiate between genuine and counterfeit works, as well as determine the
geographical origin of the painting. Although this study represents the initial stage in
pursuit of its broader objective, it specifically concentrates on single-wythe masonry
structures and a limited dataset of craquelure images. Future advancements in this research
endeavor will lead to the creation of proficient tools that can be employed effectively in

heritage preservation efforts. This study specifically aims to:

1. Develop a streamlined "Imaging-to-Simulation™ framework, the first of its kind to
use imaging results as an input for discrete element analysis of single-wythe
masonry structures. This will transform visual recognition data into critical domain
knowledge that we can use for disaster preparedness, which can improve the
capabilities of the preservation practice for hazard vulnerability assessment. In this
framework, the interactions between individual bricks are explicitly considered and
the brick images are used as the input for the 3D polyhedral DEM simulation of the
3D masonry structures. A notable aspect of this framework is the utilization of a
restricted set of images as input for reconstructing the 3D DEM model.

2. Investigate whether craquelure is a self-similar structure and whether the self-

similarity characteristic is a distinctive feature of a craquelure pattern. In order to
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accomplish this, a unique framework by Lee et al. (2022) proposed for mineral
particles and is applied and modified to describe the islands that are encompassed
by the painting cracks. The materials and methods used to create the islands in
craquelure are the same, and all islands have the same origin and a shared history
of drying and aging. These commonalities support to speculate that those islands
might exhibit a phenotypic trait that is self-similar on various dimensions. In this
study, image processing techniques are applied in an automated manner to segment
images of craquelure and extract the geometric characteristics of each distinct
island within the craquelure pattern. Subsequently, statistical analysis is performed
on the resulting imaging data to explore the viability of employing these statistical
features for distinguishing between craquelure patterns originating from different
sources or origins. By leveraging image processing and statistical analysis, this
investigation aims to contribute to the potential use of such techniques in

differentiating between craquelure patterns based on their origins.

In addition, this dissertation has three significant aspects:

1. This study is the first of its kind to use one image per wall as an input and the
outcomes of the image analysis for use as an input to the discrete element
simulation. This deviation from other imaging techniques involving a larger
number of input images, like SfM, distinguishes the novelty of this approach.
Therefore, the outcomes will lead to an innovation in the digital reconstruction of

3D masonry structures and the preservation practice for effective hazard
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1.4

vulnerability assessment of historic masonry structures as a part of unreinforced

masonry structures.

. This study maintains computational efficiency by simplifying the brick geometries

to n-sided polygons, where n is much lower than the original required number of

vertices, without affecting the simulation accuracy.

. This study implements impulse-based dynamics, which is computationally more

efficient than the conventional DEM, thus will significantly enhance the
capabilities in the preservation practice for hazard vulnerability assessment. The

ability of the country to retain its historic masonry heritage will benefit from this.

. This dissertation improves the accuracy and efficiency of craquelure pattern

analysis by employing image processing techniques. The analysis results of the

craquelure images are used to improve the prediction of painting provenance.

Dissertation Organization

This dissertation is mainly composed of two parts. The first part of the dissertation (Chapter

2 and Chapter 3) aims to automatically develop a model for the simulation of risk

assessment procedures of historic masonry structures, while the second part (Chapter 4)

applies image processing techniques to identify features in craquelure patterns that aid in

the preservation by helping identify the painting origins and historical period. This

dissertation is written in the format of ‘paper-based dissertation’, where each individual

chapter of this dissertation has either been published in a peer-reviewed journal, or

currently under review for publication. However, minor changes have been made to the

nomenclature and abbreviations in order to ensure consistency throughout the dissertation.
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Additionally, a unified references list is provided at the end of the dissertation

encompassing all chapters.

Chapter 1 provides a general introduction about masonry structures, image processing,

numerical modeling, and craquelure analysis of paintings.

Chapter 2 discusses the work presented in Abu-Haifa and Lee (2022), which presents a
streamlined image-based modeling-to-simulation framework for planar masonry walls.
This framework can convert one masonry image into a 3D masonry model by using image
processing, polygon approximation methods, and the scalable vector graphics (SVG)
format as the final modeling format that is used in the DEM simulation. In this chapter,
impulse-based dynamic simulation method is adopted to study the impact of an artificial
earthquake on the developed model. This study also provides a comparison between two

polygon approximation methods: the splitting and Douglas—Peucker methods.

Chapter 3 discusses the work presented in Abu-Haifa and Lee (2023). In this chapter, the
developed framework in Chapter 2 is developed by considering a whole single-wythe
masonry structure in the image-based modeling process. Here, the developed discrete
element bricks are exported as ‘objects’ not ‘scalable vectors’, to fully automate the 3D
modeling process. Similarly, the collapse scenarios from the input masonry wall images
are estimated using impulse-based dynamics. The proposed framework is tested on a real
existing single-wythe masonry structure, Stylite Tower in Jordan, to examine its
applicability. Results show that an earthquake of a magnitude 7 on the Richter scale could

potentially lead to the collapse of Stylite Tower.
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In Chapter 4, image-based analysis of craquelure patterns in historic paintings is presented.
This chapter shows that it’s possible to apply the phenotypic trait of mineral particles with
the enhancement of image processing to help in better describing the painting origins and
ages. The method was tested on a dataset of paintings from different origins and time
periods, and the results showed that paintings with the same origin and have a small age
gap (e.g., same century) are most likely to share similar craquelure behavior. The findings
of the chapter suggest that craquelure patterns can be used quantitatively as a reliable tool
for determining the origin of paintings, and that the method could be used to help art

historians and conservators to authenticate and provenance paintings.

Chapter 5 summarizes the major findings and contributions of this study toward improved
heritage preservation practices. Also, some of the future recommendations for further

improvement of the study are presented in this chapter.
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CHAPTER 2. IMAGE-BASED MODELING-TO-SIMULATION OF MASONRY

WALLS
2.1 Introduction

Masonry structures represent a significant subpopulation of our built environment as well
as the historic heritage. Many masonry structures have been damaged by various natural
hazards including earthquakes, thermal stresses, foundation settlements, etc. (Micelli and
Cascardi 2020; Nayak and Dutta 2016; Tumialan et al. 2001). For instance, Figure 2.1
shows masonry walls damaged by the 2016 Pawnee earthquake in Oklahoma and 2010

Canterbury earthquakes in New Zealand (Clayton et al. 2016; Dizhur and Ingham 2015).

Figure 2.1. Masonry wall damaged by earthquake excitations: (a) the 2016 magnitude 5.8
Pawnee earthquake in Oklahoma (Clayton et al. 2016) and (b) the 2010 magnitude 7.1
Canterbury earthquakes in New Zealand (Dizhur and Ingham 2015); Image reused with the
written permission from T. Clayton and D. Dizhur.

Some masonry structures were built as a part of critical infrastructure and often located in
harsh environments exposed to surge, high winds, and other severe conditions. For
example, Figure 2.2 compares 1934 and 2015 photos of Fort Jefferson, a masonry fortress

built in the 1840s on the Dry Tortugas Island for coastal defense. A structural damage is
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clearly visible near the cannon embrasure in the 2015 photo. The damage accumulation
even accelerates due to the impact of changing climate that transforms the hazard type and
intensity (National Park Service 2014) and it is important to predict the aggravating impact

on the masonry structures.

Figure 2.2. Fort Jefferson in 1934 (Peterson 1934) and 2015 (photo taken by Dr. Seung Jae
Lee); The figure on the left is a public domain image from the Library of US Congress.

Masonry structures are inherently heterogeneous in the sense that they comprise the
masonry units (i.e., bricks, blocks, and stones) and joints (i.e., mortar). Therefore,
examining the composite properties as well as properties of units and joints helps to better
assess the hazard vulnerability of masonry structures (Ghiassi et al. 2019). With recent
advances of the image acquisition techniques, the research community has adopted image-
based investigations to visually examine the sanity of masonry structure (Dunphy and
Sadhu 2022; Loverdos and Sarhosis 2022; Nghiem et al. 2015), stochastically characterize
the modulus of elasticity and the lateral capacity of unreinforced masonry walls (Falsone
and Lombardo 2007; Gonen et al. 2021), quantify the texture irregularity of masonry walls

(Almeida et al. 2016), detect cracks in masonry structures (Chaiyasarn et al. 2018), estimate
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the homogenized elastic properties for quasi-periodic masonry structures (Sejnoha et al.
2008), and derive homogenized failure surfaces using a random media material-scale

technique (Cavalagli et al. 2013).

The structure from motion (SfM) is a photogrammetric range-imaging technique that
develops a 3D digital model using a set of images. With a reasonably large number of
photos taken around an object, the SfM creates a dense point cloud that represents the
object geometry with a high level of fidelity (Koutsoudis et al. 2014). Researchers proposed
several SfM-based approaches for masonry structures (Pepe and Costantino 2020). For
example, SfM has been employed to obtain the complex geometry of masonry structures
(D’Altri et al. 2018), to quantify the impact of geometric uncertainty on the structural
behavior of masonry arches (Kassotakis et al. 2021), and to monitor the temporal changes
in the masonry facades (Liu et al. 2022b). The ground-based terrestrial laser scanning
(TLS) also has been popularly used to capture the surface geometry of masonry structures
(Btaszczak-Bak et al. 2020; Nowak et al. 2022; Suchocki et al. 2018), to assess the behavior
of historic masonry arch bridge (Batar et al. 2021), to perform the diagnosis of masonry
building damage (Nowak et al. 2020), to measure damage on the masonry surface layers
(Dais et al. 2021), and to track the moisture movement in the structures (Suchocki et al.

2018).

Recently, unmanned aerial vehicles (UAV) were introduced, and the integration of the
imaging techniques into UAV was studied to better capture the geometry of masonry
structures (Pepe and Costantino 2021). The UAV-based imaging approach was adopted to

capture the geometry of masonry structure elements such as arch and pilaster (Pepe and
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Costantino 2021), to evaluate the structural damage and material degradation (Biscarini et
al. 2020; Cavalagli et al. 2020), to detect cracks on the surface of masonry structures
(Ellenberg et al. 2016), and to study the behavior of masonry structures under lateral
loading (Santini et al. 2022). Automatic edge detection from the point cloud data was also
studied to identify the boundary of masonry walls, e.g., building openings. To this end,
voxelization was performed on the point cloud, and the building opening was detected
using an algorithm such as known-nearest-neighbors (Truong-Hong et al. 2013). The
ground penetrating radar (GPR) was jointly used with terrestrial photogrammetry
techniques to develop a realistic 3D digital model of masonry bridge. The GPR
supplemented the information hard to obtain from the surface image of structures, e.g., the
damages developed inside the masonry structure and displacements of the supports
(Stavroulaki et al. 2016). In addition, a mobile-based brick detection method and
deformation analysis were also proposed (Lindenbergh and Pietrzyk 2015; Riveiro et al.
2016). Recent developments adapting the Deep learning (DL) and Convolutional Neural
Networks (CNN) techniques are gaining popularity in the image analysis of masonry
structures (Chaiyasarn et al. 2021; Pushkar et al. 2018; Wang et al. 2018b, 2019b). For

example, Dais et al. (2021) leveraged CNN to detect the cracks in the masonry images.

The techniques discussed above could be used to capture the surface geometry of masonry
structures as-is. However, it is equally important to characterize the extent to how the
masonry structure is vulnerable to anticipated hazards. For example, Cheomseongdae
observatory located in Gyeongju, Korea, is one of the oldest stargazing masonry structures
constructed in AD 647. Cheomseongdae recently survived the 2016 Gyeongju earthquake

of magnitude 5.4 without major collapse, but a permanent displacement of 2 cm was
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observed at the roof level (Park et al. 2019). Then we can ask ourselves what earthquake
magnitude would make it collapse and how we can better underpin it. Numerical modeling
can be employed to address these questions by simulating the structural behavior subjected
to predictable hazards. Researchers could use the imaging data for the modeling, but most
studies were limited to capturing the overall geometry of masonry structure without
presenting the discrete nature of masonry structures. For example, a continuum-mechanics
framework, e.g., the finite element method (FEM), was adopted for the image-based
structural analysis of masonry structure (Castellazzi et al. 2015; loannides et al. 2012;
Micelli and Cascardi 2020; Truong-Hong et al. 2013). In the FEM analysis, the interactions
between individual masonry bricks, i.e., the discrete nature, could not be explicitly
simulated, thus inherent limitations in assessing the hazard vulnerability that can lead to
collapse. The discrete element method (DEM) is a suitable choice for the analysis of
masonry structures as it explicitly considers the discrete nature by modeling the individual
bricks and their interactions. The DEM has been widely adopted to analyze and predict the
behavior of masonry structures (Bui et al. 2017; DeJong and Vibert 2012; Dell’Endice et
al. 2021; Ghaboussi 1988; Lemos and Campos Costa 2016; Malomo et al. 2019; Masi et
al. 2020; Pulatsu et al. 2018; Toth et al. 2009). However, limited efforts were made to
develop a ‘image-based” DEM analysis due to the challenge to streamline the brick
detection from masonry images to explicitly present the individual bricks in a DEM model.
Recently, the concept of streamlined image-based DEM analysis was introduced (Ham et
al. 2017) to estimate the potential risks associated with anticipated hazards at hurricane-

prone construction sites.
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The objective of this study is to introduce a streamlined image-based modeling-to-
simulation framework for DEM analysis of planar masonry walls. In this framework, a
photographic image is directly used as an input for the discrete element modeling of
individual bricks and the simulation of the masonry behavior to an anticipated hazard is
seamlessly conducted. This study focuses more on the image-based modeling part because
the DEM simulation of masonry structures (the latter part) has been extensively studied in
the research community as discussed above. The following section discusses the details of

the proposed image-based modeling-to-simulation framework.
2.2 Image-based Modeling-to-Simulation Framework for Masonry Walls

An overview of the streamlined image-based modeling-to-simulation framework for
vulnerability assessment of masonry structures is provided in Figure 2.3; (1) with raw
photographic image obtained, (Il) image segmentation of the masonry structure is
performed, i.e., bricks in the images are detected; (I11) the geometry of each brick is then
extracted from the segmented image; (V) the shape of each brick is approximated to a
simpler polygon for computationally manageable DEM simulation; and (V) the 3D

masonry model is constructed and the rigid body dynamic simulation is performed using

DEM.
Step I Step 11 Step III Step IV Step V
Image - Brick - Geometry .| Polygonal Brick - gll:g;?
Acquisition Segmentation Extraction LA Simulation

Figure 2.3. The proposed streamlined ‘image-based modeling-to-simulation” framework.

MATLAB codes (MathWorks 2021a) are developed and integrated to streamline Step Il to

IV. Step V leverages the Blender (The Blender Foundation 2021a), a free and open-source
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3D computer graphics software which the Bullet physics engine (Coumans 2020) is
integrated into. The Bullet physics engine is an impulse-based dynamic simulation code
which enables a 3D discrete element simulation of rigid polyhedral bodies. The following

sections discuss each step of the framework applied for masonry wall images.
2.2.1 Image Acquisition (Step I)

A set of masonry images used in this study is shown in Figure 2.4. The masonry walls have

regular or irregular brick shapes with a periodic or random arrangement.

(©)

Figure 2.4. Masonry images used in this study: (a) A wall with a periodic arrangement of
rectangular bricks (Shaun 2020); (b) A masonry wall with openings (Paine 2018); (c) A
masonry wall with irregular-shaped bricks (Belemmi 2012); and (d) A rubble masonry wall
with irregular-shaped bricks (Buzzle 2021).
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2.2.2 Brick Segmentation (Step 1)

The segmentation involves partitioning of an image into meaningful objects. This process
labels every pixel in an image based on specific characteristics such as intensity, color, and
texture. The results are sets of segments or contours. The image segmentation of masonry
walls is to detect bricks and distinguish those from joints (mortar). Manual segmentation
is impractical if there are many bricks in a masonry image as it is labor-intensive and time-
consuming. Therefore, various algorithms were developed to automate the process. These
algorithms typically used a converted black and white binary image from the original
photo, thereby the bricks were represented as white pixels and the mortar was represented
as black pixels. This study utilizes the Image Segmenter app (MathWorks 2021b) in the
MATLAB image processing toolbox for the binary image-based segmentation of the
masonry images. Several segmentation methods are implemented in the app, among which
this study selectively adopts the flood fill, auto cluster, and active contour methods: The
flood fill is a technique that segments areas with similar intensity values by which it
determines regions connected to the seed points in a multi-dimensional array depending on
a start node, a target color, and a replacement color (Lee and Kang 2010). The auto cluster
and active contours are iterative methods that segment target image into foreground and
background elements (Lei et al. 2019; Peng et al. 2009; Wang et al. 2017). This step
conducts informed iterations to segment images in a cumulative manner, i.e., the methods

are applied one at a time until bricks are properly segmented from each other.

When the raw image is first converted to a binary image for segmentation, some impurities

may be generated as shown in Figure 2.5a and b. Black pixels are considered as mortar and
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white pixels are considered as brick in the segmentation. Therefore, the code may recognize
the small white impurities surrounded by black pixels as a part of brick or a small individual
brick (Figure 2.5a). Likewise, the small black impurities surrounded by white pixels may
be recognized as part of mortar (Figure 2.5b), which may create segmentation errors and
may confuse the geometry extraction in later steps. A threshold method is developed to
remove the white impurity pixels (Figure 2.5a) and a filling method (MathWorks 2021c)
is used to remove the black impurity pixels (Figure 2.5b) before the final segmentation.
The flowchart for the threshold method is shown in Figure 2.6 which is implemented in
MATLAB. The step 1 in this threshold approach finds all clusters of white pixels, then
counts the number of boundary pixels for each cluster. In the step 2, based on the number
of boundary pixels of the white clusters, an initial guess is made regarding the threshold
value for the smallest brick size. In the step 3, the algorithm removes all white pixel clusters
with fewer boundary pixels than the threshold value. For example, if the smallest brick in
the image is represented by 50 boundary pixels, a good initial guess of threshold value can
be a number less than 50. If 30 is set as the threshold value, all white pixel clusters less
than 30 boundary pixels are removed. In the steps 4 and 5, the algorithm checks if all white
impurity pixels are removed while no real bricks are removed. If impurity exists, the
threshold value is raised. If bricks are removed, the threshold value is lowered. This is an
informed iteration process until all white impurities in the images are removed. Similarly,
the fill method is used to remove the small black impurity pixels by filling all holes in the
white clusters, in which a hole is defined as a set of black pixels that cannot be properly

removed by filling in the background area starting from the edge of the image.
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Figure 2.5. Impurities in the binary images: (a) white impurity pixels in mortar (black) and
(b) black impurity pixels in bricks (white).
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pixels for each white pixel cluster
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— Guess of a threshold value

Remove all white pixel clusters _@

below the threshold value

All white impurity
pixels removed?

No real bricks
removed?

Figure 2.6. Flowchart for the threshold method to remove white impurity pixels; The step
numbers are shown in the circles.

The resulting binary images after these impurity removals and the final image segmentation
are shown in Figure 2.7 which indicates that the segmented regions and their boundaries

are clearly identified. The bricks are shown in different colors, indicating the bricks are
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properly segmented and recognized as individual objects. This study uses a 64-bit
Windows 11 operating system with Intel Core i7-8565U Processor (1.8 GHz) and 8.0 GB
of random-access memory (RAM). The time taken to extract the final segmented images
is about 1 to 4 minutes: 1.3, 2.8, 2.3, and 3.8 minutes for Figure 2.7a, b, ¢, and d,
respectively. The difference in time is attributed to the image resolution, size/number/shape

of bricks, and difference in color contrast between bricks and mortar regions.
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Figure 2.7. Segmented masonry wall images of: (a) Figure 2.4a, (b) Figure 2.4b, (c) Figure
2.4c, and (d) Figure 2.4d.

2.2.3 Geometry Extraction (Step 111)

In Step 11, the brick geometry is obtained by extracting the coordinates of each segmented
brick’s boundary vertices, for which the MATLAB boundary tracing function is used

(MathWorks 2023a). Figure 2.8 shows an example where the captured brick geometry is

31



represented by a polygon with 576 vertices (in green). Figure 2.9 shows the result after the
geometry extraction of all bricks (highlighted in green). These bricks (composed of black
and white pixels) are converted into a set of irregular shaped polygons with boundary

vertices.

Table 2.1 shows the average number of the vertices to represent each brick in Figure 2.9.
Each brick polygon in Figure 2.9a is represented by more than 600 vertices because the
bricks in the image are large (thus more pixels) despite simple rectangular shapes.
Compared to Figure 2.9b and d, the larger brick size in the image results in a greater number
of pixels and more vertices representing each brick. Likewise, the brick images in Figure
2.9c are overall the second largest, thereby the number of vertices is greater than Figure

2.9b and d.

Figure 2.8. A brick represented as a polygon; the 576 vertices are shown as green points.
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Figure 2.9. Extracted geometries from the masonry images (shown in green lines) of: (a)
Figure 2.4a, (b) Figure 2.4b, (c) Figure 2.4c, and (d) Figure 2.4d.

Table 2.1. Average number of vertices to represent each brick.

Figure 2.9a | Figure 2.9b | Figure 2.9c | Figure 2.9d
Avg. number of vertices 623.47 89.54 362.73 187.1

Considering individual brick is going to be presented as a polyhedral discrete element in
Step V for rigid body dynamic simulations, it is necessary to represent the brick element
with a reasonable number of vertices to maintain the overall computational cost
manageable. The computational cost for contact detection in DEM significantly increases
with the number of vertices of the discrete elements (Lee 2014). While the brick shape in
Figure 2.9a can be reasonably represented with 4 vertices, modeling it with more than 600
vertices is clearly impractical. Therefore, shape approximation is considered to remove the
redundant vertices and lower the computational cost required to run the discrete element

analysis of modeled masonry walls. This shape approximation is conducted in Step 1V.
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2.2.4 Approximation of Brick Shapes to Simpler Polygons (Step 1V)

This step approximates the brick shapes to simpler polygons. This study adopts two
polygon approximation methods by Douglas and Peucker (1973), and Pikaz and Dinstein

(1995) referred to as the splitting method.

The Douglas-Peucker (DP) method adopts an iterative end-point fitting approach that
reduces the number of points according to a user-specified tolerance per the maximum
Euclidean distance between a vertex and the approximated line. On the other hand, the
splitting method iteratively divides the shape into two parts by finding a line that connects
the two farthest points on the boundary. Therefore, the splitting method finds the point in
each divided part that has the maximum perpendicular distance from the line. This process
is repeated until the polygon is simplified to the specified target number of vertices. This
study employs the MATLAB functions with the DP and splitting methods (Bone 2023,
Schwanghart 2021). We apply these methods to simplify the brick shapes to a polygon with
fewer vertices based on a predefined target. The approximation target compared to the
original brick shape is evaluated in the sense of R? as in Equation (1), where X; and Y; are
the coordinates of each boundary point of the original brick geometry obtained from Step
[11, while X and Y are the mean of the X and Y coordinates, respectively, for all boundary
points of the original geometry. The number of points that represent the original shape of
the brick is n, and d; is the distance from each point of the original brick geometry to the

closest boundary point on the approximated polygon.
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The approximation algorithm (i) first tries with 4 vertices for the approximation and
therefore simplifies the brick to a 4-sided polygon, (ii) evaluates R? and checks if the target
R? is obtained. If not, (iii) an iteration is performed with an increased number of vertices
until the R? value from the approximated polygon is greater than or equal to the target R?
value. This approximation and evaluation are performed for every brick in the image.
Figure 2.10 shows the approximated bricks from Figure 2.9a and ¢ with the target of 98%.
Both methods can reasonably approximate all bricks into an n-sided polygon with a much

fewer number of vertices.
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Figure 2.10. Approximated brick shape (Figure 2.9a and c) to a simpler polygon with 98%
target after applying the (a) DP and (b) Splitting methods.

35



The performance of the DP and splitting methods are compared in detail in Figure 2.11. A
range of 98% to 99.5% target is considered. The number of vertices used to represent each
polygon clearly tends to increase with the target R2. The splitting method produces
polygons with a slightly fewer number of vertices than the DP method, thus a better
performance. However, both methods can represent the original shape with reasonably
fewer vertices. Figure 2.9c and d tend to have a larger number of vertices after the
approximation because of the more complex brick shapes that increases the number of
vertices required to achieve the target R? value. Nevertheless, the proposed algorithm
produces an accurate representation of these complex shapes with a reasonably small
number of vertices less than about 10. Consequently, this approximation lowers the
computational cost required for the 3D discrete element simulation in Step V. As the

splitting method performs better, it is adopted to develop the 3D model for Step V.
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Figure 2.11. Average number of vertices of the approximated brick polygons by the DP
and Splitting methods obtained at a different target R2.
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2.2.5 Discrete Element Simulation (Step V)

Step V first interprets each brick polygon obtained from Step IV into a scalable vectors
graphics (SVG) format. SVG is an XML-based format that allows users to develop high-
quality graphical models with a high level of geometric accuracy (Bowler et al. 2001). The
SVG format can contain the information of shapes and their attributes (e.g., polygon
geometry), which is different from bitmap image formats (e.g., PNG and JPEG) that consist
of a fixed set of dots. The brick polygons in the SVG format are then imported to graphics
software for 3D modeling. The Blender is used in this study which is a free and open-
source 3D computer graphics software. The 2D polygons are extruded to 3D polyhedrons

with a specified thickness in the Blender.

A set of physics engines including the Bullet (Coumans 2020) is integrated in Blender
which enables a seamless modeling-to-simulation using the discrete element method
(DEM). It is worth noting that DEM referred in this study is the DEM defined in a broader
sense as proposed by Cundall and Hart (1992), not the original DEM by Cundall and Strack
(1979) that was proposed as the ‘distinct’ element method. Cundall and Hart (1992)
proposed that all numerical methods are collectively referred to as the ‘discrete’ element
method (DEM) if the following two conditions are met: “(a) allows finite displacements
and rotations of discrete bodies, including complete detachment, and (b) recognizes new
contacts automatically as the calculation progresses.” Cundall and Hart (1992) also
discussed that there are four classes of DEM conforming to the definition, and one of those
is the momentum-exchange method. The Bullet physics engine is an impulse-based

dynamic simulation code for rigid polyhedral bodies which is based on the momentum-
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exchange method (Augarde et al. 2021). This impulse-based (and velocity-based) dynamic
simulation method is computationally more efficient compared to the original force-based
(and acceleration-based) ‘distinct’ element method, and therefore it enables a faster
dynamic discrete element simulation. This study adopts the impulse-based dynamic
simulation method for the simulation of the masonry wall collapse. Please note the
‘impulse-based method” does not mean the loading is impulsive, but which was named as
the primary variable is the collision impulse, not the contact force. Impulse is defined as a
time integral of force per the impulse-momentum theorem. Accordingly, the time
integration scheme is different in the numerical methods: the impulse-based dynamic
simulation method uses the first-order accurate symplectic Euler time integration, but the
conventional DEM adopts the explicit central different time integration scheme. A detailed
comparison of the impulse-based dynamic simulation method with the original DEM is

provided in Lee and Hashash (2015).

The effect of mortar between bricks is modeled by setting up the constraints which can be
seen as the virtual springs adopted to model the mechanical properties between the rigid
bodies. Figure 2.12 visualizes the modeled constraints to present the mortar effects between
modeled bricks. For example, the constraints can be modeled so that adjacent rigid bodies
do not move towards each other but can be separated when the breaking threshold is
exceeded. However, unlike the conventional DEM, the primary variable in the impulse-
based dynamic simulation is the velocity and the collision impulse (that are computed from
the change of relative velocities of the interacting bodies). Therefore, instead of directly
manipulating the position properties of rigid bodies to satisfy the specified constraints, the

velocity constraints are implemented to limit the freedom of movement of the objects that
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are interacting with each other. This constraints-based modeling has been broadly adopted
in the computer graphics community to create the complex interactions including springs,
hinges, pulleys, etc. (Bender et al. 2014; Erleben et al. 2005; Sauer and Schomer 1998).
This study models a set of linear and rotational constraints in the volume between the bricks
to present the mortar effects. The Bullet Constraint Builder (Kostack 2021), a Blender add-
on, is adopted for the constraint modeling. The interactions of neighboring bricks are
simulated through the modeled constraints and the bricks are separated based on the
modeled breaking threshold. The compressive, shear, and tensile breaking thresholds of
the modeled constraints are 10 N/mm?, 0.3 N/mm?, and 2 N/mm?, respectively. The brick
and mortar properties are modeled based on the data in literature (Alecci et al. 2013; Chiang
et al. 2008; Dorji et al. 2021; Zhang et al. 2022). Figure 2.13 shows the developed 3D

masonry walls where each brick is modeled as a polyhedral discrete element.

Figure 2.12. Modeled constraints to represent the mortar effects (in solid lines).
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Figure 2.13. Masonry bricks modeled as a set of polyhedral discrete elements.

Figure 2.14 demonstrates a DEM simulation of the modeled masonry wall in Figure 2.13.
The modeled wall is first attached to a single-story house, then a synthetic earthquake is
created with the Bullet Constraints Builder and applied to the house model. The impulse-
based dynamic simulation is then performed for the DEM simulation of the masonry wall
collapse. A magnitude 5.8 earthquake is applied for 20 seconds in the out-of-plane direction
of the wall, and the collapse of the modeled masonry wall is realistically simulated as in

Figure 2.14.

Figure 2.14. DEM simulation of a masonry wall collapse before and after earthquake
excitation.
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2.3  Concluding Remarks

This study presents an image-based modeling-to-simulation framework for discrete
element analysis of masonry structure. A continuum-mechanics framework such as the
finite element method (FEM) has been introduced in published literature for an image-
based analysis of masonry structure, but the individual bricks in the masonry structure were
not explicitly presented in the approaches. Consequently, the interactions of individual
bricks could not be realistically captured, and the simulation fidelity was limited. The
framework introduced in this study leverages the outcomes of visual recognition (one
masonry wall image) as a direct input for the rigid body dynamic simulation using the
discrete element method (DEM) by developing 3D polyhedral discrete elements from the
segmented brick images. Representing the discrete nature of the masonry walls is at the
heart of this approach allowing for realistic simulation of large deformation of the masonry
structure such as collapse and improves the estimation of the hazard vulnerability. The
framework is composed of five steps: (i) the obtained image of a masonry wall is (ii)
segmented into constituent bricks. A complementary code is developed to enhance the
quality of image segmentation. Then (iii) all vertex coordinates of segmented bricks are
captured with high fidelity. Two polygon approximation methods, Douglas-Peucker (DP)
and splitting methods, are used to (iv) approximate the brick shapes into simpler polygons
with a fewer number of vertices. This shape approximation is conducted to lower the
computational cost required for DEM simulation while maintaining the overall geometry.
This study demonstrates both methods can represent the original shape with much fewer
vertices although the splitting method slightly outperforms the DP method. The

approximated polygons are (v) exported to a free and open-source 3D computer graphics
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software integrated with physics engines. The polygons are modeled as a set of 3D
polyhedral discrete elements and the DEM simulation is conducted using the impulse-
based dynamics approach. These days, the complex form of the masonry wall can be
captured with laser scanning. While this study focuses on planar masonry walls, this image-
based modeling-to-simulation frame can be extended for complex walls if the bricks in the
laser scanned masonry image are properly segmented. The extension of this study for
general 3D masonry structures is suggested for future research. The proposed image-based
modeling-to-simulation framework will help the architectural engineers to better assess the

hazard vulnerability of masonry structures.
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CHAPTER 3. IMAGE-BASED 3D MODELING-TO-SIMULATION OF SINGLE-

WYTHE MASONRY STRUCTURE VIA REVERSE DESCRIPTIVE GEOMETRY
3.1 Introduction

Masonry structures represent a significant sub-population of the historic heritage, and
constitute the largest proportion of the building stock worldwide (D’Ayala 2013). Single-
wythe masonry structures are constructed with walls of one masonry unit thickness, and
therefore, the masonry wall serves as structural system as well as exterior facing. Many
masonry structures have been constructed as unreinforced single-wythe structures due to
their relatively low construction cost, convenience of maintenance and reasonable
structural stability (Weber 2013). For example, single-wythe masonry structures make up
about 8% of all masonry structures in Sicily, Italy (Binda et al. 2006). In the 1990s, the
price of wood increased (Martin and Darr 1997), thus the single-wythe load bearing
masonry walls gained popularity (Jayasinghe 1998) and are still widely used these days
due to the cost competitiveness. However, these single-wythe masonry structures are more
vulnerable to hazards than multi-wythe structures (Al-Sakkaf et al. 2020). Many heritage
masonry structures are single-wythe, and many of those have been severely damaged and
are under the exposure to various hazards such as strength degradation, vibration caused
by nearby traffic, wind and earthquakes, lack of maintenance, vandalism, etc. (D’Ayala
2013; Lourenco 2002). With its enormous value as heritage, it is of great importance to
estimate the aggravating impact of these hazards on single-wythe masonry structures to

better identify the preservation needs and preventive measures for damage mitigation.
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Experimental investigations have been conducted for single-wythe masonry structures to
estimate their vulnerability against various hazards including seismic performance,
dynamic response against blast-induced loadings, behavior under axial compression and
shear loading, traffic-induced vibration of masonry structures, and the impact of wind
driven rain (Al-Fakih et al. 2020; Altunisik et al. 2021; Azzara et al. 2021; Banerjee et al.
2021; Cacciotti 2020; Pereira et al. 2015; Vasconcelos and Lourenco 2009; Zini et al.
2022). However, experimental studies on heritage single-wythe masonry structures have
limitations in robustly estimating overall structural performance depending on the required
test and structure size (Bui et al. 2019). Therefore, numerical analysis has been adopted in
the research community as an alternative (Bui et al. 2019; Kayirga and Altun 2021;

Malomo et al. 2020).

Numerical modeling has been made in two different approaches: continuum- or
discontinuum-based methods, which targeted at macro- or micro-scale mechanical
modeling respectively (Lemos 2007). The continuum-based approach, such as the finite
element method (FEM), models the whole masonry structure as a continuous medium.
Therefore, the structural behavior after the onset of failure may not be realistic
(Smoljanovi¢ et al. 2013). On the other hand, the discontinuum-based approach, such as
the discrete element method (DEM), simulates the discontinuous nature of masonry bricks
by explicitly modeling the individual bricks and their interactions (Lourenco 2002).
Therefore, DEM has been broadly adopted to investigate the behavior of masonry
structures in the research community (Bui et al. 2017; Calio et al. 2012; Chen et al. 2021,
Dell’Endice et al. 2021; Gobbin et al. 2021; Kassotakis et al. 2020; Malomo et al. 2019;

Masi et al. 2020; Occhipinti et al. 2022; Pulatsu et al. 2018; Smoljanovi¢ et al. 2013).
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Nevertheless, discrete element modeling for large heritage single-wythe masonry
structures is considered a difficult task (Kassotakis et al. 2020). A masonry structure may
contain too many bricks to be modeled manually. Furthermore, a lot of those structures are
rubble masonry, where the stone bricks have a non-rectangular shape. Therefore, manual
discrete element modeling of these masonry structures may be impractical, and sometimes
infeasible. The accuracy of the DEM simulation of masonry structures is also limited
without the brick shapes being accurately modeled. To overcome these challenges, imaging
techniques have been recently adopted to capture the ground truth brick geometry (Abu-
Haifa and Lee 2022; Castellazzi et al. 2015; loannides et al. 2012; Kassotakis et al. 2020;
Loverdos et al. 2021; Micelli and Cascardi 2020; Truong-Hong et al. 2013). For example,
an innovative framework has been developed to use a single masonry image for streamlined
image-based DEM modeling (Abu-Haifa and Lee 2022), but this approach is limited to
modeling of a planar masonry wall. A framework that converts a large set of images into a
whole 3D masonry structure of multiple walls has been proposed (Kassotakis et al. 2020).
While this study provided a great insight, this method did not consider the actual geometry

of brick shapes as it voxelized the masonry structure.

The objective of this study is to develop a streamlined image-based 3D modeling-to-
simulation framework for the discrete element analysis of single-wythe masonry structures.
This study is built upon the previous work presented in Abu-Haifa and Lee (2022) that
focused on a planar masonry wall. The main difference from the previous work is the use
of ‘reverse descriptive geometry’ that adopts a set of 2D wall images to digitally construct
a 3D masonry structure model composed of multiple walls. One photographic image for

each wall is needed for the 2D-to-3D modeling. The modeled 3D masonry structure is then
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used for DEM analysis. The provided framework presents an integrated approach that
incorporates image analysis, numerical modeling, and simulation methods to
systematically assess the hazard vulnerability of single-wythe masonry structures. This
comprehensive, cost-effective, and efficient approach aims to enhance the practice of risk
assessment, allowing for more accurate estimation of the structures’ vulnerability under
different hazard scenarios. By implementing this approach, the resilience and preservation
of single-wythe heritage masonry structures can be effectively enhanced. Section 3.2
introduces the proposed framework and demonstrates it using a virtual masonry structure
as an example. In Section 3.3, this approach is specifically applied to a heritage single-

wythe masonry structure.
3.2 Methodology

The core of the proposed framework in this study is a 2D-to-3D approach, which may be
considered as an opposite concept of the conventional descriptive geometry (also known
as the stereotomy) that represents a 3D object with multiple 2D geometric projections
(Migliari 2012). The proposed framework uses a reverse descriptive geometry in the sense

that the 2D projection images are used to digitally construct a 3D object.
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Figure 3.1 Overview of the proposed streamlined image-based 3D modeling-to-simulation
framework for single-wythe masonry structure
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An overview of the streamlined image-based 3D modeling-to-simulation framework for
single-wythe masonry structure is presented in Figure 3.1, where the framework is divided
to four stages and several steps in each stage: 1) Input acquisition — the 2D planar masonry

wall images are obtained along with other identified input parameters; 2) 2D modeling —a
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set of 2D planar masonry wall models is developed from each 2D masonry wall image; 3)
3D modeling — in this stage, the 2D planar wall models are placed in a 3D space and
extruded. The adjoining wythes at the building corners are constructed taking account of a
structural masonry bond pattern adopted for single-wythe masonry structures; and 4)
Simulation — the 3D masonry model is simulated using the DEM to estimate the hazard
vulnerability of the structure. MATLAB (MathWorks 2021d) is used to develop the
bespoke codes to automate the imaging-to-simulation process. It is worth noting that the
developed image-based modeling process is fully automatic. Once the binary images of the
walls are obtained, and the input parameters are identified, the algorithm automatically
builds the whole 3D DEM model of the structure. A free and open-source 3D computer
graphics software, Blender (The Blender Foundation 2021b), and its integrated Bullet
physics engine (Coumans 2020) are used for the DEM simulation of 3D masonry structure.
The Bullet physics engine works on the impulse-based dynamics method that can be seen

as a momentum-exchange method, which is a DEM (Augarde et al. 2021).

An example single-wythe masonry structure shown in Figure 3.2 is used in Section 3.2 to
illustrate the procedures in the proposed framework. The model has six sides (walls), where
each wall has a different height and width. The structure is composed of typical rectangular
bricks with a size of 400 x 180 x 180 mm (width x depth x height), and a 10 mm mortar
layer in-between. All walls are nearly half-brick thick. There is no particular reason for
selecting the brick size, as the proposed method will work with any brick size. That being
said, the chosen brick resembles the dimensions of the 8-inch thru-wall double monarch
brick. The stretcher bond type is considered at the adjoining wythe, which is widely used

for half-brick masonry walls (Smith 1972). Stretcher bond is a repeating pattern in which
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each layer alternates with an offset of half a brick, preventing a straight joint across the

layers (Bértschi and Bonwetsch 2013).

2.66 m

1.23 m
3.07 m

5.33m
410 m

5.73m

Figure 3.2. Virtual 3D single-wythe masonry structure as an example to demonstrate the
image-based 3D modeling-to-simulation framework. The dimensions are shown on the
plan view.

3.2.1 Inputs (Stage 1)
3.2.1.1 Input Images

One image for each side of the structure is going to be used as input for the modeling. The
images may be stitched or cut to represent a wall in one image. Figure 3.3 presents all the
input images for the example single-wythe masonry structure, in which each image

represents a wall of the structure.
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Figure 3.3. Input images from all sides of the single-wythe masonry structure (shown with
the image numbers).

1 2

3.2.1.2 Input Parameters

The framework requires four input parameters as well as the input wall images: (i)
dimension (width and height) of walls, (iii) orientation of walls, (iv) brick thickness, and
(v) target number of vertices to represent each brick in modeling. The images are to be
numbered in ascending order, starting from the front facade and moving counterclockwise
as in Figure 3.3, where the wall images are numbered from 1 to 6. Table 3.1 shows the
input parameters and their corresponding values. The orientation of the wall is determined
counterclockwise from the global coordinate system (i.e., the global X-axis). In this study,
X, Y, and Z refer to the global coordinates. For the example structure, the origin of the
global coordinate system is set at the lower-left corner of the front wall (i.e., wall #1) as in
Figure 3.4, and the orientation @ of all images (walls) can be defined counterclockwise as
shown in Table 3.1. As a note, a target accuracy level can be used (instead of the target
number of vertices) as an input to ensure the minimum accuracy required to represent all
bricks. For simplicity, however, this study adopts the same number of vertices to represent

all bricks, resulting in each brick being modeled with different accuracies.

51



l-<

——————

(X inners Yinner) (Xouter’ Youter)

Inner surface
Outer surface

|
:
N

Figure 3.4. Plan view of the example single-wythe masonry structure; X, Y, and Z refer to
the global coordinates.

Table 3.1. Input parameters considered for the example masonry structure.

Wall )
_ ] ] ] Brick Target # of
Width Wn Helght Hn Orientation (9n thickness (m) vertices
Image n o
(m) (m) ©)
1 5.73 6.07 0 0.18 5
2 4.10 5.88 90 0.18 5
3 3.07 5.50 180 0.18 5
4 1.23 5.50 90 0.18 5
5 2.66 5.50 180 0.18 5
6 5.33 531 270 0.18 5
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3.2.2 2D Wall Modeling (Stage 2)
3.2.2.1 Extracting Brick Geometry

Image segmentation is required to distinguish bricks from mortar and to extract the brick
geometries. Image segmentation is the process of translating a digital image into smaller
meaningful subclasses or objects, for further analysis of the image (Cheng et al. 2001).
Technically, the process labels every pixel in the image based on certain characteristics
such as intensity, color, and texture. However, manual segmentation is time-consuming
and impractical, considering a masonry structure may contain too many bricks to segment.
Various automatic and semi-automatic algorithms were developed to facilitate this process
(Ibrahim et al. 2019; Riveiro et al. 2016; Valero et al. 2018). The segmentation output is a
converted black and white binary image, where the bricks can be represented as white
pixels and the mortar is represented as black pixels. This study adopts the segmentation
approach adopted by Abu-Haifa and Lee (2022). A binary image of wall #1 is shown as an
example in Figure 3.5. The segmented wall images are shown in Figure 3.6, where the
segmented bricks are colored randomly to illustrate that each brick is identified as an

individual object.

While segmented, the bricks in the image are not polygons yet. To this end, the MATLAB
boundary tracing function (MathWorks 2023a) is used to extract the geometry of each brick
and present it as a polygon. The boundary of each segmented brick is traced, from which
the boundary pixel locations are identified. The bricks are then converted into a set of
polygons, where each boundary pixel is used to create the vertices of the polygon. This

process typically results in polygons with a large number of vertices because each brick in
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a segmented image is represented by many pixels. Table 3.2 shows the average number of
vertices that represent each brick polygon, for which about 200 vertices are used. The
average number of vertices is calculated by dividing the sum of V; by k, where V; is the
number of vertices representing the brick j in a wall and k is the number of bricks in the

wall. The developed brick polygons are shown in Figure 3.7 (highlighted in green).

Figure 3.5. A binary image of wall #1.
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Figure 3.7. Developed brick polygons in all walls (shown in green lines).
Modeling a simple brick shape (e.g., a rectangle) with a polygon with about 200 vertices

is clearly inefficient. Therefore, this step converts the polygons
eliminating redundant vertices, for which this study adopts the splitting method (Pikaz and

3.2.2.2 Polygon Brick Approximation



Dinstein 1995). By identifying a line that connects the two farthest points on the boundary,
the splitting method iteratively splits the shape into two halves. The points that have the
maximum perpendicular distance from the line are identified, forming the four boundary
vertices. Virtual lines are built between these vertices, and the process is repeated until the
polygon is simplified to the desired number of vertices. In the end, the simplified polygon

is drawn by connecting the final vertices with lines.

Hypothetically, four vertices would be enough to represent the rectangular brick shape in
the example structure, but a few more vertices would be needed to account for some
geometric variation that may be available in brick shapes (Lelandais et al. 2014). Figure
3.8 shows an example. The brick polygon in Figure 3.8a obtained from a segmented image
is nearly a rectangle, but not in an exact sense. Figure 3.8b and ¢ present brick polygons
approximated with four and five vertices, respectively. Clearly, Figure 3.8c better
represents the overall shape than Figure 3.8b, where the geometric variation is accounted

for.

A MATLAB code (Bone 2023) is employed to simplify polygon shapes in all walls. All
brick shapes are simplified using five vertices. Although simplification can lead to reduced
computational costs in subsequent simulation steps, it also results in a smooth surface that
eliminates the inherent roughness of individual bricks. Consequently, to ensure the
reliability of the simulation, a proper friction coefficient is assigned to each simplified

polygon. Figure 3.9 shows the walls with simplified brick polygons.
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Figure 3.8. Polygon brick approximation: (a) brick polygon obtained from segmented wall
image; (b) polygon approximated with 4 vertices; and (c) polygon approximated with 5

vertices.
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Figure 3.9. Simplified polygons with 5 vertices after applying splitting method on the input

images.

3.2.2.3 Size Scaling

The image coordinates are defined in pixels and have their origin at the upper-left corner

for the width (w) and height (h) of the wall image, respectively. Accordingly, the locations

of all brick polygons inside a wall are defined in pixels. Therefore, the pixel-based

coordinates are translated to a local Cartesian coordinate system, where the origin is at the

lower-left corner of each wall, as shown in Figure 3.10. Please note that the lower cases (X,

y and z) are used to indicate the local coordinate system, compared to the upper cases for

the global coordinate system (as discussed in Section 3.2.1.2). The y coordinate is 0 as it is

a 2D image. In this step, the coordinates of each vertex are scaled based on the actual wall

dimensions (which are input parameters) using a scaling factor from pixels to a physical
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length, e.g., meters. The x- and z-coordinates are scaled by the width and height ratios
(W/w) and (H/h), respectively, where W and H are the actual wall width and height (as in
Table 3.1). Then, the pixel-based z-coordinate is subtracted from H to invert it into the
Cartesian coordinate with the origin at the lower left corner of the wall, as shown in
Equation (2). The zpixel and Zcartesian represent z coordinates in pixel and Cartesian-based

coordinates, respectively.

H
Zcartesian = H — Zpixer X n (2)

Figure 3.10. Local coordinate system in terms of x and z in Cartesian coordinate system.
Example shown with wall #1

3.2.3 3D Structure Modeling (Stage 3)

This stage constructs the 3D model of the single-wythe masonry structure based on the

processed data obtained from the previous stage to build the whole 3D DEM model.
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3.2.3.1 Placing Walls in 3D Space

This step places the 2D walls (local coordinate) into 3D space (global coordinate), for
which the relationship between the local and global coordinates is developed using a
rotation matrix as in Equation (3). The Z-coordinate (global) equals its z-coordinate (local),
and the y-coordinate (local) is always 0, so Equation (3) can be simplified to Equation (4).
Please note that the subscript outer denotes the coordinates of the brick surface facing
‘outward’. The subscript inner is reserved for a later step to indicate the coordinates of
brick surface facing ‘inward’ (see Figure 3.4) after walls are extruded to the thickness
direction (to be discussed in Section 3.2.3.3). Per user input, 4 is the angle between the X-
axis and x-axis of a wall, n is the wall number to compute the global coordinates, and Wh
is the width of wall n. Therefore, (X,,terr)n denotes X-coordinates of the outer brick surface
in the n-th wall. For wall #1, n = 1 (thus no summation is needed), and 61 is O (thus global
X and local x coordinates coincide, while the Y coordinates are all 0). Once the global
coordinates of all bricks are obtained, the wall surfaces of the structure can be constructed

as in Figure 3.11, where the brick polygons (in green) are presented with 5 vertices as stated

earlier.
(Xouter)nl ~ Icos 0, —sin Hnl (Xouter)n l N IZ?;ll(Wi cos 6;) )
Youter)n sin 6, cos 6, Youter)n =0 Z?z_ll(Wi sin 6;)
(Xouter)nl _ I(xouter)n cos6, + Z?=_11(Wi cos gi)l @)
(Youter)n (xouter)n sin en + Z?=_11(Wi sin ei)
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Figure 3.11. The outer wall surfaces of the example single-wythe masonry structure.

3.2.3.2 Structural Interlocking

Stretcher bond is considered for adjoining wythes, i.e., structural masonry interlocking
between walls. If all polygons in Figure 3.11 are extruded to the thickness directions,
overlapping occurs at the corners, as shown in Figure 3.12. A solution to this is to remove
one of the neighboring bricks at the adjoining wythes, e.g., if the red polygon in Figure
3.12 is removed, then no overlapping occurs when the remaining polygon in the neighbor
is extruded. Therefore, the polygons of a smaller size than a typical brick located at the
corners, e.g., the yellow and green polygons in Figure 3.13, are removed to properly model

the stretcher bond.

Figure 3.14 presents the flowchart to detect and remove the small polygons located at wall

boundaries to model the stretcher bond. A threshold approach is adopted for this task
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(Pauker and Kassirer 1980). It iteratively removes all polygons located between walls
having an area approximately equal to a predefined threshold area (Aw). The area of a
polygon and its center in the local coordinate system are determined. A corner polygon is
detected if the x-coordinate of brick center is approximately equal to half of brick thickness
(t/2) or located at the last half brick thickness of the wall width (W - t/2). All corner
polygons having an approximately equal area to the threshold area are removed. Figure
3.15 shows the wall surfaces of the example single-wythe masonry structure with these

small corner polygons removed.

R

Figure 3.12. Overlapping occurs when all polygons are extruded to the thickness directions.

Figure 3.13. Stretcher bond in masonry brick construction.
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Gor each brick polygoD
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Determine threshold area (A1)
A = brick thickness (t) x brick height
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Figure 3.14. Flowchart for the threshold method adopted to consider the stretcher bond.
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Figure 3.15. The outer wall surfaces of the example single-wythe masonry structure with
the small corner bricks removed for modeling of structural interlocking between walls.

3.2.3.3 Building 3D Model

A 3D brick polyhedron is created from each brick polygon after extruded into the brick
thickness direction. The inner wall coordinates can be found after the extrusion using
Equation (5), where t, is the brick thickness of the n-th wall, which is entered as an input
parameter. The Z-coordinate of any inner vertex equals to its outer Z-coordinate (Zinner =
Zouter). The 3D model of the single-wythe masonry structure is represented by 3D brick
polyhedrons. The geometry of the 3D model is written in stereolithography (STL) file

format.
[ mner)nl [COS Hn — sin 9 l [ l (Xouter)nl
(Ymner)n sin Bn Cos 0 (Youter)n (5)
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3.2.4 DEM Simulation (Stage 4)

The 3D model is then used for DEM analysis of the building’s vulnerability to hazards.
Figure 3.16 shows the developed 3D single-wythe masonry structure modeled with brick
polyhedrons. Blender is used to conduct the DEM simulation of the modeled structure
subjected to hazards. The Blender is a free and open-source 3D computer graphics software
(The Blender Foundation 2021b) that houses the Bullet physics engine (Coumans 2020)
that simulates collisions between rigid bodies based on the impulse-based dynamics. It is
worth noting that numerical methods satisfying the following two requirements can be
referred to as DEM per Cundall and Hart (1992): (1) allowing for finite displacements and
rotations of discrete bodies, including complete separation of the bodies; and (2)
automatically identifying new contacts as the simulation progresses. The momentum-
exchange method is one of the four kinds of DEM that comply with this definition. The
Bullet physics engine dynamically simulates rigid polyhedral bodies using an impulse-
based dynamics scheme that can be considered as a momentum-exchange method
(Augarde et al. 2021). The impulse-based dynamic simulation method (i.e., velocity-based)
is computationally far more efficient than the conventional (i.e., force/acceleration-based)
DEM, and it was reported to show a speed up of almost two orders of magnitude with high
simulation fidelity. Therefore, the impulse-based dynamics approach is well suited for a
large-scale simulation of many bricks. Furthermore, this approach is more suitable for the
image-based modeling-to-simulation of masonry structures due to its high tolerance for
geometrical errors. The impulse-based dynamics approach considers relative velocity to
resolve a collision between two bodies and therefore has a greater tolerance for any

penetration error that may be potentially caused by inaccurate image processing, e.g.,
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influenced by lighting, shadow, image resolution, etc. On the other hand, the conventional
DEM considers the relative position between two bodies (i.e., penetration) to resolve a
collision (whereby the contact force is computed), which therefore any small geometrical
error may trigger spurious energy gain and numerical instability in the modeled system. A
Bullet plug-in, Bullet Constraints Builder (BCB), is used to model the mortar effect by
setting constraints between adjacent bricks (Kostack 2021). Constraints between bricks are
aligned to the center-to-center line of both connected bricks. A detailed comparison
between the conventional DEM and the impulse-based dynamic simulation method is
provided in Lee and Hashash (2015). The constraint-based modeling for masonry
structures is discussed in Abu-Haifa and Lee (2022). The mortar (constraint) between the
bricks breaks once it reaches its breaking threshold. The breaking thresholds for the
compressive, tensile, and shear strengths are used as the same values that were used in
Abu-Haifa and Lee (2022). A synthetic magnitude 7 earthquake is applied for 10 seconds
on the developed model. The collapse sequence of the modeled single-wythe masonry

structure is realistically simulated, as shown in Figure 3.17.
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Figure 3.17. Collapse simulation of the example single-wythe masonry structure.
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3.3  Application to a Heritage Single-Wythe Structure

A real-world single-wythe masonry structure shown in Figure 3.18 is considered as a case
study to validate the developed image-based modeling-to-simulation framework. It is
known as Stylite Tower, which is an ancient single-wythe masonry structure built during
the Byzantine period at Umm ar-Rasas in Jordan, a UNESCO World Heritage Site. It is
almost 13.5 m high (Clemente et al. 2019a), with a base dimension of 2.43 x 2.48 m. Stylite
Tower is the only surviving tower of its kind in the world, thus it has enormous heritage

value to preserve.

The brick shapes are rectangular with some variations. We measured the thickness of
bricks, which ranges from 378 to 432 mm. For simplicity, all bricks are assumed to have
the same thickness of 400 mm. One photo was taken for each side of the structure. These
photos were taken at a standing human height, therefore there is perspective-related image
distortion in the photos. Adobe Photoshop (2022a) is adopted to correct the image
distortion, for which the perspective wrapping function is used. This function adjusts
objects in an image by taking into account the surrounding environment for a pseudo-
orthogonal projection. Figure 3.18b shows images of all four walls of Stylite Tower after
correcting the distortion. It is worth mentioning that the minor visual obstruction (i.e., the
steel fence around the structure), as shown in Figure 3.18, is also removed using Adobe

Photoshop using the content-aware fill function (Adobe Photoshop 2022b).

The segmented and extracted geometries of all bricks are shown in Figure 3.19, where the
boundaries of each brick are clearly identified and captured. Many bricks in the structure

are overall rectangular but have variations, therefore more than 4 vertices are needed to
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create a high-fidelity wall model. The Dice Similarity Coefficient (DSC), also known as
Serensen—Dice coefficient, is adopted to find the least number of vertices required to
represent brick shapes with high accuracy. Developed by Sgrensen (1948) and Dice (1945),
DSC measures the similarity of two shapes in the range between 0 and 1, where 1 means
that the two shapes match perfectly. The DSC is formulated as shown in Equation (6),
where it compares the area of intersection between the brick’s original shape (Aoriginal) and
the approximated polygon (Aapproximated) t0 the sum of the two areas. When all bricks are
approximated as 8-sided polygons, the average DSC value is 0.9845, which indicates that
the approximated polygon shapes present a high geometric fidelity. Figure 3.20 shows the

approximated polygons of the bricks in all images. Table 3.3 presents the input parameters

used for image-based modeling of Stylite Tower.

Figure 3.18. A heritage single-wythe masonry structure: (a) Stylite Tower in Jordan, (b)
Image of each wall of the structure after image distortion corrected (images by Mohammad
Abu-Haifa).
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Figure 3.19. The segmented images and extracted brick geometries in Stylite Tower.
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Table 3.3. Input parameters for the image-based modeling of Stylite Tower.

Wall Brick Tarcet # of
WidthW  Height H Orientation &  thickness ge
Image # (m) (m) ©) (m) vertices
1 2.43 13.5 0 0.40 8
2 2.48 13.5 90 0.40 8
3 2.43 13.5 180 0.40 8
4 2.48 13.5 270 0.40 8
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Figure 3.20. Simplified polygons with 8 vertices after applying splitting method on the
input images.

The vertices of the simplified polygons are scaled based on the actual dimensions of the
structure. The 3D model is then developed with consideration of the stretcher bond. The
model is exported to Blender in STL format for DEM simulation. The entire process, which

includes building the 3D DEM model of Stylite Tower from the binary images and
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exporting the model in the required format, takes less than 20 seconds. Following the
assignments of material properties, brick constraints, breaking thresholds, and the seismic
load, the DEM simulation on the developed Stylite Tower model is conducted. Figure 3.21
shows the collapsing sequence of Stylite Tower after applying a synthetic earthquake of
magnitude 7 for 10 seconds. A computer system running on a 64-bit Windows 11 operating
system is employed for the simulation. The computer is equipped with a 3 GHz Intel Core
i7-9700 processor and 24 GB of RAM. The simulation process runs for approximately 2

minutes in batch mode.

Previous studies have utilized the finite element method to assess the tower’s capacity to
withstand seismic events. While these studies highlighted the possibility of collapse if an
intense seismic event were to occur in the area, the actual collapse was not simulated due
to the limitations of the adopted simulation method (Clemente et al. 2019a; b; Koellisch
2008; Pierdicca et al. 2021). In contrast, our approach explicitly simulates the potential
collapse in response to the given earthquake. It is worth noting that the mechanical
properties used in the simulation (including brick and mortar properties) may not represent
the actual properties of Stylite Tower. This study focuses on the development of a
framework that streamlines the process from 2D imaging to 3D modeling (i.e., via reverse
descriptive geometry) and DEM simulation. Therefore, determination of the actual

mechanical properties of the tower is out of scope and suggested for future study.
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Figure 3.21. The 3D DEM simulation for Stylite Tower after applying a synthetic
earthquake of magnitude 7 Richter.

3.4  Concluding Remarks

This study presents an image-based 3D modeling-to-simulation framework for assessing
the hazard vulnerability of single-wythe masonry structures. A ‘reverse descriptive
geometry’ concept is used for 2D-to-3D modeling, whereby a set of 2D images of planar
walls are used as an input for 3D modeling of the single-wythe masonry structures and
followed by simulation using the discrete element method (DEM). The 2D modeling stage
involves the representation of all walls by segmenting and approximating each brick into
simplified polygons. The framework then systematically builds the whole 3D DEM model
from the 2D walls. The adjoining wythes at the building corners are modeled via an original
bespoke method proposed in this study. The proposed framework is successfully applied
to Stylite Tower, a heritage single-wythe masonry structure in Jordan. The results clearly
showcased the applicability of the developed methodology, highlighting the streamlined
process for assessing the vulnerability of single-wythe masonry structures. While the main
focus of this study is on the walls of single-wythe masonry structures, the slab and roof
may be easily added to the structure in future studies. It is worth noting that this study

serves as an initial exploration, intended to assess the feasibility and effectiveness of the
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proposed approach. The outcomes of this research will offer an insight and serve as a
foundation for future advancements in the field. We invite the masonry structures research
community to explore the potential of the proposed approach further with various single-
wythe structures. The proposed framework may also be extended for multi-wythe masonry

structures and complex brick shapes.
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CHAPTER 4 . PHENOTYPIC TRAIT OF PAINTING CRACKS
4.1 Introduction

A painting is like our skin in some sense. Just as the genetic makeup leaves unique physical
characteristics on our skin such as fingerprints, the painting cracks known as craquelure
has been recognized as an important characteristic of painting that may serve as a unique
identifier. The cracks naturally manifest on the surface of a painting due to (i) drying and
(i) aging (Krzemien et al. 2016). The drying (desiccation) cracks begin to form within the
first few weeks after applying paint, as volatile solvents evaporate from the painted surface.
This process is strongly influenced by factors such as adhesion to the sublayer, thickness
and composition of the pictorial layers, etc. On the other hand, the aging cracks start to
form after the pictorial layers are dried. The cracks develop over its lifetime, and as a result
of the slow and gradual process, the formation is affected by many environmental factors
(Giorgiutti-Dauphiné and Pauchard 2016). Therefore, the delicate and intricate cracks,
shaped by the painter’s choice of materials, techniques, and the way the artwork was stored,
may exhibit unique characteristics that are common to the artist’s paintings which differ
from those of other artists. As such, analyzing the painting cracks has become an important
part of art examination, offering valuable information about the painting’s authenticity
(Barron and Sharma 2020; Pauchard and Giorgiutti-Dauphiné 2020). Therefore, the crack
analysis is considered to offer valuable information that can help determine the painting’s
origin and potentially establish a connection to a particular artist or period. (Sidorov and

Yngve Hardeberg 2019).
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Some descriptive methods have been developed in the art conservation community as an
effort to characterize the crack patterns and link those to the origins of paintings. Bucklow
(1997) is widely regarded as the seminal work that pioneered a systematic approach for
quantifying crack patterns and establishing their connection to the origin of paintings.
Bucklow adopted a set of statistical and classification techniques to develop a formal
description of painting cracks. As a result of the study, a collection of descriptive terms
was developed to associate the crack patterns with the origins of paintings. The descriptions
include the predominant direction and orientation of cracks, smoothness and straightness
of cracks, shape and size of islands (enclosed by the cracks), thickness of cracks, and
regularity of cracks. This approach was demonstrated, as shown in Table 4.1, to
differentiate Italian, Flemish, Dutch, and French paintings created from different historical
periods. Bucklow (Bucklow 1998) also utilized a repertory grid approach to represent the
structure of painting cracks in numerical ratings. This approach improved the quantitative
aspect of the analysis and facilitated the comparison of crack patterns across different
paintings and art-historical categories. Later, Bucklow (1999) introduced an image-based
painting crack analysis whereby digitized crack images were segmented and converted into
a set of Bezier curves for further analysis. The quantitative nature of this approach was
recognized as a great advantage. However, a significant drawback was also highlighted:
the prohibitive computational cost required for the image processing primarily due to the
limited computing power available at the time of the research. Bucklow reported it took
several months for the computer to represent 40 crack patterns, whereas it took 9 hours for

the author to heuristically complete the representation of 528 crack patterns.
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Since then, with significant advances in computing resources and algorithmic
enhancements, image processing has become more feasible. In general, image processing
involves the manipulation of digital images through mathematical algorithms with the goal
of enhancing or extracting information from the image. Image segmentation is an image
processing technique that partitions an image into meaningful segments or regions based
on color information, texture, or intensity gradients of the image. It is considered a critical
step in many image processing applications, such as object recognition, classification, and
tracking, as it simplifies image data and enhances the accuracy of subsequent analysis.
Image processing including segmentation has played a crucial role in the development of
computer vision systems (Suri 2000). These advancements have transformed image-based
crack analysis into a more systematic endeavor for 2D (Abas 2004; Spagnolo and Somma
2010) and 3D analyses (Kim et al. 2022). Recent studies in the image-based crack analysis
have focused on representing the painting crack network as a graph (Sidorov and Yngve
Hardeberg 2019; Zabari 2021) and/or employing image-based deep learning techniques to
learn and identify the crack patterns for further classification (Sindel et al. 2021; Yuan et

al. 2023).

Table 4.1. Summary of descriptive terms used for connections with painting origins
(Bucklow 1997).

Italian Flemish Dutch French
(14-15% (15-16% (17" century) (18-19t
century) century) century)
Predominant Often have Nearly always  Usually have Usually don’t
Direction have have
Orientation Usually Usually parallel Usually N/A
perpendicular to to grain perpendicular
grain to longest side
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Island sizes Usually small to  Usually very Usually Usually large
medium small medium

Island shape N/A Usually square ~ Often square Usually not
square

Smoothness  Usually jagged  Usually straight  Usually jagged Usually smooth

Straightness N/A Usually straight N/A Usually curved
Crack Sometimes Often uniform N/A N/A
thickness distinct thickness of
secondary cracks
cracks
Regularity N/A Usually highly N/A N/A

ordered cracks

Crack analysis is not exclusive to the field of paintings, but also an important research
subject in geology and geological engineering, as existing cracks are a major factor that
can impact the behavior of geo-materials such as rock and soil. For example, identification
of fracture patterns in rock is important to better understand the geomechanical and
hydrological behavior of the rock materials (Lei et al. 2017). In addition to being indicative
of past stresses and strains, the physical crack properties such as the crack shape, size,
roughness, and connectivity can have significant implications for the stability and
functionality of the materials. Recently, image-based analysis has become increasingly
popular in the fields for crack identification in tandem with the advances in imaging
techniques (Liu et al. 2013). Since then, digital images have been heavily used to
characterize the soil desiccation cracks (Bordoloi et al. 2020; Liu et al. 2020, 2022a; Zeng
et al. 2022). Fractal analysis has been frequently conducted to assess the cracking
characteristics. For example, Hirata (1989) demonstrated the fractal structure of rock
fracture geometry by using a box method to obtain the fractal dimension. This involved

dividing the intricate crack web into a series of smaller square boxes, each with a side
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length of r. Hirata (1989) showed that r and the number of boxes N(r) that crack enters
follow a relation as in Equation (7), where d is the fractal dimension. When plotted on a
log-log space, a linear relation is realized with a slope of -d. To be more specific, the
presence of the linear graph in a log-log space signifies self-similarity across multiple
scales. Mathematically, self-similarity manifests itself in a power law. As shown in
Equation (8), a power function f(x) = x" scales the argument x by a constant ¢ will result
in a proportionate scaling of the function itself (Newman 2005), thus having a self-similar
nature across different scales. This self-similarity was observed in soil desiccation cracks
(Baer et al. 2009; Goehring et al. 2015; Vallejo 2009), which was discussed as an indication

of distinctive characteristics associated with soil.
N(r) ~r ¢ (7)
f(cx) = (cx)? = ¢ pxf = ¢ f(x) o f(x) (8)

In view of this, two questions arise: (i) would the painting cracks also display self-similarity
as in the soil desiccation cracks? and (ii) if so, could the characteristic self-similar trait of
the cracks be used as an identifier in relation to the origins of the paintings? These questions
are currently difficult to answer due to the limited evidence available within the research
community. A few studies conducted the fractal analysis of painting cracks to identify the
self-similarity. Eggert (2006) discussed the fractal geometries of cracks in artwork, which
relate to glass rather than paintings. The objective of this study is to address the two
questions above. Section 4.2 discusses the methodology. Section 4.3 examines the painting
crack images presented in Bucklow (1997), focusing on the analysis of how the identified

cracks from the methodology correlate with different paintings.
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4.2 Methodology
4.2.1 Two approaches for crack analysis

When it comes to analyzing cracks, there are two possible approaches that can be
employed. The first approach involves focusing on the crack network, while the second
approach involves considering the characteristics of individual islands enclosed by the
painting cracks. Figure 4.1 illustrates an example of an island. The first approach is more
conventional, which has been adopted in most crack analyses, e.g., representing a crack
network as a graph. On the other hand, the second approach is far less common. To the
best knowledge, Freeman et al. (2013) is the only study attempted to analyze the island
geometries in painting cracks. Our study will adopt the second approach, drawing an
analogy between the discrete islands in painting cracks and the discrete soil clods (i.e.,
distinct clumps or aggregates of soil) in desiccation cracks. To this end, a methodology
proposed by Lee et al. (2022) is employed, which was originally developed to analyze the
geometries of soil particles. To be more specific, it was to characterize the phenotypic trait
of the particles, and the study evidenced the phenotypic trait of the particle geometries
exhibits self-similarity across scales as observed by the observed power law. In light of the
findings, this study aims to characterize the phenotypic trait of the islands by adapting the
methodology in Lee et al. (2022) to answer the afore-stated two questions. It is worth noting
that the phenotypic trait is a geometry concept beyond shape and size; it extends to the
underlying properties associated with shape and size. As an analogy, people of a race may
have some variations in their appearances but share a phenotypic trait due to a common

genetic origin and biological history. For example, while every Korean woman possesses
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a distinct facial appearance from one another, they also share a common phenotypic trait
that stems from their shared genetic origin. This phenotypic trait sets them apart from
Japanese women, who have a different genetic background and exhibit their own unique
set of characteristics. Likewise, mineral particles that originate from the same geologic
origin and experienced the same history possess a shared phenotypic trait, despite
exhibiting variations in their shapes and sizes. Similarly, the painting cracks and the islands
created within them share a common origin attributed to the use of specific materials and
painting techniques, as well as the history of drying and aging. Given the similarities, we
may hypothesize the existence of a common phenotypic trait behind the formation of
islands in paintings created by the same artist. Then, how can we capture the underlying

phenotypic trait?

Figure 4.1. Example of an island separated by painting cracks (Image courtesy of Jeronimo
Perez Roca - South Florida Art Conservation LLC (Roca 2013)).

4.2.2 Phenotypic trait of 3D geometries

Lee et al. (2022) reported that a power law relationship exists between the surface area-to-
volume ratio (As/V) and the volume (V) for a family of particles having a common geologic
origin and history. Graphically, the data points realize a linear relationship between As/V

and V in a log-log space, suggesting a self-similar nature across multiple length scales. This
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discovery indicates the presence of a phenotypic trait of the 3D particle geometries. An
example is shown in Figure 4.2. The particle set contains 100 Florida limestone particles
(Tripathi et al. 2023). Two different groups of particles, originating from distinct sources,
are ‘randomly’ mixed (Figure 4.2a), yet their distinct identities elude the naked eye.
However, a power regression analysis on the As/V and V geometry data brings to light the
presence of two coherent data clusters. These data clusters exhibit two distinct linear
relationships in the log-log space (Figure 4.2b). They are positioned at dissimilar locations
with different variations. The coefficient of determination (R?) for each group is calculated
as 0.73 and 0.94, respectively. The dataset located in the upper region of the plot,
characterized by larger values of V, corresponds to the larger particles, while the data in
the lower region represent smaller particles. The data orientations, as represented by the
power regression slopes, depend on the relationship between particle shape and size of each
group. These serve as identifiers that unveil two distinct phenotypic traits exhibited by the
particles, much like genetic footprints. This suggests that this group comprises a mixture

of two different kinds of particles.
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Figure 4.2. The methodology to undercover the phenotypic traits: (a) 100 Florida limestone
particles, and (b) Two phenotypic traits of particle geometries realized in terms of As/V and
V.

4.2.3 Phenotypic trait of 2D geometries

The methodology by Lee et al. (2022) was originally developed to analyze the 3D
geometry. Therefore, this study adapts and develops a 2D equivalent concept to reveal the
phenotypic trait of the island geometries, whereby the island area (A) is used in the place
of particle volume (V), and the length of island perimeter (P) is used in the place of particle
surface area (As). This study therefore examines whether the P/A and A data demonstrates

a self-similar phenotypic trait that can be correlated with the painting origins.

Another modification in this study is the utilization of bivariate ellipses to comprehensively
represent the location and variation of the data. For consistency in utilizing the bivariate
ellipse, the eigenvector of the ellipse is also employed to indicate the orientation of the
data, avoiding the need for a separate adoption of a power regression line as in Lee et al.

(2022) and as illustrated in the example above (Figure 4.2b). Although the slope of the
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eigenvector may exhibit a slight difference compared to that of the power regression, both

remain proportionate. Therefore, it is deemed suitable for the purpose of this study.
4.3  Analysis
4.3.1 Images of painting cracks

This study analyzes the crack images of Italian, Flemish, Dutch, and French paintings from

14" to 19" centuries collected by and presented in Bucklow (1997).

Table 4.2 presents a summary of the origins and descriptions of all seventeen images in
Bucklow (1997). Please note that the figures in Bucklow (1997) are referred to as ‘Image’
while the figures in this study are labeled as ‘Figure’ to avoid any confusion. The specified
horizontal dimension in the table indicates the length scale of each image. The qualitative
description by Bucklow is also presented in the table.

Table 4.2. Descriptions of all seventeen images presented in Bucklow (1997).

Image # Origin Painter Painting Horizontal Description of
dimension dn  craquelure pattern
(cm)
1 French  Nicolas de ‘Study of 7 No direction
Largilliere Hands’
2 Flemish  Hieronymus 'Christ 4.5 Parallel to the wood
Bosch Mocked’ grain
3 Italian Paolo ‘The Battle of 4.5 Perpendicular to the
Uccello San Romano’ wood grain
4 Dutch Frans Hals ‘Portrait of 7 Jagged and straight
Woman with a cracks with square
Fan’ islands
5 French  Alexander ‘The Caravan’ 7 Smooth and curved
Gabriel cracks, and not
Decamps square islands
6 Italian Sandro ‘Four Scenes 4.5 Small islands
Botticelli  from the Early
Life of St
Zenobius’
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7 Italian  Master of the ‘St Lawrence’ 4.5 Large islands

Fogg Pieta
8 French Francois “Venus Asks 7 Cracks of uniform
Boucher Vulcan for thickness
Arms for
Aeneas’
9 Italian Paolo ‘The Battle of 4.5 Secondary network
Uccello San Romano’
10 Dutch Johannes  ‘The Army of 7 Connected network
Lingelbach  Charles II’
11 Italian Duccio  ‘Annunciation’ 7 Broken network
12 Flemish Master of St  ‘Saint Giles’ 4.5 Ordered network
Giles
13 French Francois ‘Diana 7 Random network
Boucher Bathing’
14 Italian Lorenzo ‘The 4.5 Typical pattern for an
Monaco  Coronation of Italian 14"/15% -
the Virgin’ century painting on
panel
15 Flemish Robert "Virgin and 4.5 Typical pattern for a
Campin  Child before a Flemish 15"/16"-
Firescreen' century painting on
panel
16 Dutch Janvande  'River Scene 7 Typical pattern for a
Cappelle  with a Large Dutch 17"-century
Ferry' painting on canvas
17 French  Jean Simeon ‘The House of 7 Typical French
Chardin Cards’ eighteenth-century

painting on canvas

4.3.2 Analysis procedure

The workflow adopted for this study is shown in Figure 4.3. First, in Step 1, the quality of
the images presented in Bucklow (1997) is enhanced using an artificial intelligence (Al)-
based photo editing platform (Pickwish 2023). The purpose of this enhancement is to
clearly depict the boundaries of the islands, aiming to facilitate a smoother image

segmentation process.
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Step 1 Step 2 Step 3

Raw . Craquelure Extracting
Resolution . .
craquelure — — segmentation — island
. enhancement .
image (islands) geometry

Step 4 Step 5 Step 6

Real unit . Phenotypic
. Geometrical . yP
—  scaling — — trait
. features N
(pixel to cm) examination

Figure 4.3. Overview of the workflow used to examine the phenotypic trait in craquelure

images.

The image segmentation process (Step 2) involves converting all craquelure images to

binary images. The converted black and white binary images are shown in Figure 4.4,

where the islands are represented as white pixels and the cracks is represented as black

pixels. Image Segmenter app (MathWorks 2021e), a MATLAB image processing toolkit,

is then utilized for segmenting the crack images, thereby identifying the individual islands

within each image. The effectiveness of this segmentation procedure using the Image

Segmenter app has been demonstrated in Abu-Haifa and Lee (2022). Figure 4.5 shows the

segmentation results for all images, where the segmented islands are randomly colored.
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Figure 4.4. Binary crack images, where dx indicates the horizontal dimension of image.
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Figure 4.5. Segmented craquelure images.

The geometry (boundary) of each segmented island is then captured using the MATLAB

boundary tracing function (MathWorks 2023a), which is represented as a polygon (Step
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3). The vertices of the polygon, representing the boundaries of the polygonal islands, are
given in pixels, resulting in a sufficient number of vertices for each island. In Step 4, the
islands are scaled to their actual length (i.e., pixels are converted to cm) based on the

horizontal dimension provided in
Table 4.2.

In Step 5, the geometrical information (i.e., area A and perimeter P) for each island is
determined from the polygons using the built-in MATLAB functions polyarea and
perimeter (MathWorks 2023b; c). In case a partial crack is present within an island, as
illustrated in Figure 4.6a, a threshold crack width of 2 pixels is utilized to determine
whether the partial crack should be included as part of the boundary. If the width of the
partial crack is at least 2 pixels, it is considered part of the boundary and included (Figure
4.6b), otherwise not included (Figure 4.6¢). Lastly, the phenotypic trait is analyzed in terms

of the P/A and A data (Step 6).

(a) (b) (c)
Figure 4.6. Determination of island boundary: (a) Presence of a partial crack; (b) A partial

crack is considered part of the boundary (in green) if the width is at least 2 pixels; and (c)
A small crack is not considered as part of the boundary.
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4.3.3 Results and discussion

The phenotypic traits of painting cracks in all 17 images are shown in Figure 4.7, presented
by the P/A and A data of the islands within each image. As shown in the figure, the data
points, each representing the geometry of an island, align in a coherent linear relation
within the log-log space. This observation confirms that the painting cracks display a self-
similar nature across scales, addressing the first research question posed in this study.
Please note the values along each axis are presented on a logarithmic scale with a base of
10. For example, 0 in the axes indicates the numerical value 1 (= 10°). The scale range is
set to be sufficiently large, ensuring consistency across all images. The length units are cm,

so the unit of P/A is cm™,

Bivariate ellipse is plotted to provide a comprehensive representation of the data’s location,
variance, and orientation (Van Houwelingen et al. 1993). All bivariate ellipses in this study
are constructed with the estimations performed at a 99% confidence level. The eigenvector
of the ellipse is also plotted to enhance the visualization of the orientation. The bivariate
ellipses are then used to address the second research question posed in this study.
Specifically, this investigation explores whether the phenotypic trait exhibited by the P/A
and A data can serve as identifying characteristics associated with the provenances of the

paintings.
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Figure 4.7. Phenotypic traits of painting cracks that are presented by the P/A and A data.

Figure 4.8 illustrates the ellipses estimated for the crack images from Flemish paintings
(Images 2, 12, and 15). Figure 4.9 presents those for Dutch paintings (Images 4, 10, and
16) and Figure 4.10 shows the ellipses estimated for the crack images from Italian paintings
(Images 3, 6, 7, 9, 11, and 14). Those for French paintings (Images 1, 5, 8, 13, and 17) are
presented in Figure 4.11. Figure 4.8 evidences the presence of comparable ellipses for the
Flemish paintings. Similarly, Figure 4.9 also supports this finding by demonstrating that
paintings originating from the same source exhibit comparable ellipses, suggesting the

presence of shared phenotypic traits influenced by the provenance of the paintings.

On the other hand, Figure 4.10 reveals the presence of three distinct sub-groups, indicating
that the phenotypic traits of painting cracks within each sub-group are comparable, while
differing from those in other sub-groups. The physical characteristics of the painting cracks
exhibit clear differences among the sub-groups as shown in Figure 4.4. It is evident that

Images 6 and 9 commonly have the smallest islands among all Italian paintings. In contrast,
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Images 7 and 11 display much larger islands with some instances of a broken crack
network. Please note the horizontal dimension dn of Image 11 is 7 cm that is larger than the
other. Images 3 and 14 demonstrate cracks perpendicular to the wood grain with islands
characterized by intermediate sizes. These sub-groups effectively represent the distinct

traits exhibited by the painting cracks.

While these paintings have Italian origins, the observed variations in cracks can be
attributed to various factors. These include the age of paintings, the specific materials used,
the painting techniques employed by the artists, as well as the environmental conditions
present during the creation and preservation stages (Elkhuizen et al. 2019; Flores 2018;
Maev et al. 2020). For example, Images 7 and 11 correspond to paintings created in the
14™ centuries, while Images 3 and 14 represent paintings from the 15" century (Bucklow
1997; Fehm 1976; Griffiths 1978; Robb 1936). The similarity within each sub-group can
be also attributed to factors such as painting technique. For example, both ‘Four Scenes
from the Life of Saint Zenobius’ (Image 6) and ‘The Battle of San Romano’ (Image 9)
were painted in the Florentine Gothic style, which emerged in the 13™ century in Florence,
Italy (Higgitt and White 2005; Roy and Gordon 2001; Uccello et al. 1964). This style is
characterized using vibrant colors, ornate decorations, and stylized figures (Covi 1963).
Also, both paintings utilize the same painting medium, specifically ‘tempera on wood
panel.” (The National Gallery 2023a; b). Unlike oil paints that utilize oils or encaustic
paints that use beeswax to attach the color pigments, tempera uses an emulsion of water,
egg yolks, or entire eggs, and sometimes with a little adhesive such as honey or milk
(Thompson 1962). Therefore, while Images 6 and 9 belong to paintings created during the

15" century (Dunkerton and Roy 1996; Griffiths 1978), these exhibit the distinct

97



characteristics that differentiate those from other paintings of the same period. For instance,
Image 14 followed a style referred to as the International Gothic (Higgitt and White 2005).
This could possibly result in different reactions to fluctuations in temperature and humidity,
leading to variations in the creation of cracks. Another possible reason for these similarities
is the place of restoration and cleaning conditions. For example, paintings of Images 6 and
9 were restored in the National Gallery, London and had underwent similar preservation

practices (The National Gallery 2023b; a).

In French paintings, it is observed that the cracks exhibit larger islands compared to
paintings of different origins, as shown in Figure 4.4, thus resulting in data with a
correspondingly large area A. Consequently, the ellipses representing those islands cover
the plot space associated with high A values (Figure 4.11). The French paintings also have
sub-groups. The cracks in Images 1, 8, and 13 show similar phenotypic traits, resulting in
comparable ellipses. Likewise, Images 5 and 17 also exhibit comparable traits and ellipses.
Similarly, the observed trend suggests that paintings created within the same century tend
to exhibit similar traits in the cracks. Images 1, 8, and 13 correspond to paintings created
in the 18" century (Ledbury and Hyde 2006; Louvre Museum 1742; Meyer 1995) , while
Images 5 and 17 represent paintings from the 19" and 18™ century, respectively (Bucklow
1997). However, in addition to the age factor, other reasons also explain the difference
between the two sub-groups. For example, the painting medium for paintings of Images 5
and 17 is ‘oil on canvas’ (Bucklow 1997; The National Gallery 2023c), while the painting
of Image 8 is created using ‘pen and brown ink and brown wash over black chalk’ (Getty

Museum Collection 2023).
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Figure 4.8. Bivariate ellipses estimated for the crack images from the Flemish Paintings.
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Figure 4.9. Bivariate ellipses estimated for the crack images from the Dutch Paintings.
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Figure 4.10. Comparable bivariate ellipses within each sub-group of Italian paintings.
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Figure 4.11. Comparable bivariate ellipses within each sub-group of French paintings.
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4.4  Concluding Remarks

This study introduces a new perspective on the painting cracks, also known as craquelure,
investigating two questions: (i) Do painting cracks exhibit self-similarity? and (ii) If so,
can the characteristic self-similarity of these cracks be utilized as an identifier that can be
correlated with the origins of paintings? To this end, we employ the concept of the
phenotypic trait of painting cracks, with a specific focus on analyzing the characteristics of
islands enclosed by cracks. A set of crack images from French, Italian, Flemish, and Dutch
paintings spanning the 14" to 19" centuries is analyzed. Digital image analysis techniques,
including image segmentation and boundary detection, are utilized to extract the 2D
geometrical features from the images. This study evidences a power-law relation between
perimeter-to-area (P/A) and area (A) data of the islands in a log-log space. This power-law
relation highlights the inherent self-similar nature present behind the various crack
patterns. Bivariate ellipses and their eigenvectors are employed as a comprehensive
representation of the location, variance, and orientation of the island geometry data. The
study finds that comparable ellipses emerge when the cracks exhibit similar phenotypic
traits, particularly in case paintings share the origin, employ similar painting techniques,
and undergo common preservation practices. Therefore, these phenotypic traits appear to
serve as identifying characteristics that can be associated with the provenances of the
paintings. It is important to note that establishing a universal measure to directly determine
the origin of a painting solely based on its cracks remains a challenge. This difficulty arises
due to variations in preservation practices, including storing and handling, which can
influence the development of aging cracks over time, even among works by the same artist.

Nevertheless, the comparative study presented in this study provides compelling evidence
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supporting the validity of the proposed approach that utilizes the P/A and A data of islands.
We invite the research community to further explore the approach to unlock the potential

for elucidating the phenotypic traits of painting cracks.

In addition to the field of scientific examination of artworks, the findings in this study have
far-reaching significance. The approach employed in this study introduces a new paradigm
for crack analysis, emphasizing the examination of islands formed within cracks.
Therefore, this approach has the potential to be extended beyond the realm of art, e.g., to
analyze the characteristics of soil clods to better understand the formation of desiccation
cracks. By shifting the focus from the crack network itself, this approach offers a departure
from conventional crack analyses, and will open up new avenues for understanding the

physical characteristics and underlying mechanisms of cracks
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CHAPTER 5. CONCLUDING REMARKS AND RECOMMENDATIONS

5.1  Concluding Remarks

The objectives of this PhD dissertation have been thoroughly outlined and achieved in an
innovative and efficient manner. By utilizing a single image per masonry wall as input and
analyzing the outcomes of image processing techniques, this study leads to a novel
approach in the digital reconstruction of 3D masonry structures and preservation practice.
The implementation of polyhedron reconstruction and impulse-based dynamics,
considerably enhances computational efficiency, which is crucial for the preservation
practice of hazard vulnerability assessment of unreinforced masonry structures and has
significant implications for retaining the historic masonry heritage of the country.
Furthermore, the maintenance of computational efficiency by simplifying brick geometries
and providing a new method of craquelure pattern analysis through image processing
techniques directly contributes to enhancing the simulation accuracy and prediction of
painting provenance, respectively. Overall, this PhD dissertation makes a valuable
contribution to the field, paving the way for future research and innovation in the
preservation of historic masonry structures. In addition, the analysis of craquelure patterns
using image processing techniques showed that historic paintings are most likely to share

similar craquelure behavior if they belong to the same origin and time period.
To sum up, the major findings from this study are summarized below:

e The study introduced a streamlined framework for modeling and simulating single-
wythe masonry structures based on image analysis. This framework offers a

significant improvement in accurately assessing the vulnerability of such structures
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to hazards. Moreover, it demonstrates notable computational efficiency, ensuring
efficient analysis and evaluation processes.

Masonry wall images were used as inputs with some other input parameters, like
brick size and wall dimensions and orientations, for 3D discrete element modeling
and analysis, where individual bricks are directly detected from the image, and the
interactions of the bricks are explicitly considered in the numerical simulation of
the masonry wall.

The proposed framework (for both planar walls and single-wythe masonry
structures) consists of four main stages; i) defining the inputs, ii) 2D modeling of
the walls, iii) 3D reconstruction of the wall or structure, and iv) conducting the
discrete element simulation for hazard vulnerability assessment.

The image-based modeling-to-simulation framework can estimate collapse
scenarios from input masonry wall images and proposes a prototype that transforms
visual images into critical domain knowledge that would be useful for disaster
preparedness.

The 2D modeling stage mainly includes image segmentation to convert the image
into a binary image, where the bricks are presented in white and the mortar layer in
black, and the analysis of the resulted binary image to capture brick geometries and
approximate their shapes into simplified polygons.

Splitting and Douglas-Peuker methods showed their capabilities in simplifying
brick shapes into simplified polygons with a much lower number of vertices,
maintaining high fidelity. However, the splitting method slightly outperforms

Douglas-Peuker method.
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5.2

The proposed frameworks for single-wythe masonry structures were automatically
capable of considering the stretcher bond between adjoining walls.

Image processing is an effective method that helps in the analysis of craquelure
patterns of historic paintings for their dating and provenance.

Analyzing the geometrical features of the painting islands, such as their areas,
perimeters, and shapes, showed that paintings have a phenotypic trait (like mineral

particles), which can help historians preserve historic paintings.

Recommendations for Future Research

Based on the findings of the dissertation, there are several recommendations for future

studies that can build upon the proposed image-based frameworks for evaluating the

seismic vulnerability of masonry structures and characterizing craquelure patterns of

historic paintings. Here are some recommendations for future research:

Future studies can explore the possibility of integrating other non-destructive
techniques, such as X-ray imaging, acoustic emission testing (AET), or infrared
thermology (IRT) with image-based modeling to improve the accuracy and
reliability of the framework, resulting in a more comprehensive understanding of
the tested material's internal structure, which would aid researchers in identifying
and analyzing potential flaws and defects.

It would also be interesting to investigate the possibility of developing the proposed
image-based method for evaluating the seismic vulnerability of multiple-wythes
masonry structures, offering potential advancement and improvements to more

types of unreinforced masonry structures.
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The proposed framework's potential for predictive reconstruction of invisible
masonry walls and assessment of entire masonry structures' hazard vulnerability
can be further explored as a potential solution for overcoming image-based analysis
obstacles when structures are in close proximity, making clear imaging of some
masonry walls difficult.

The potential of the proposed framework can be further developed by considering
additional bonding types for adjoining masonry walls, which would enhance the
accuracy of image-based modeling and improve the approach's overall
effectiveness by making it applicable for more types of masonry structures.
Further research can be conducted to investigate the potential of the proposed
framework in assessing the hazard vulnerability of other types of masonry
structures, such as cavity walls and reinforced masonry structures, and compare the
results with other modeling approaches in identifying and analyzing potential
vulnerabilities, which will open up a new avenue for research.

Future research could further evaluate the performance of different image
segmentation methods to determine how effectively they can i) capture the
geometrical features of a masonry wall, ii) enhance the DEM simulation results,
and iii) accurately identify and characterize the craquelure patterns of historic
paintings. This exploration could bring about further advancements and
improvements to image-based modeling methodologies and can result in finding
the optimal segmentation method that best suits the intended goal of the analysis.
Future studies can explore the possibility of using machine learning algorithms with

larger dataset of paintings, to automatically recognize and classify the types of
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paintings and the different styles of painters from digital images. This exploration
could provide new insights into establishing both the provenance and history of

paintings.
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