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ABSTRACT

The understanding of the structural behaviour of masonry structures is of great importance for the
preservation of their structural integrity and restoration. Masonry arches are among the oldest
structural systems in the world. The failure of these structures can lead to loss of the architectural
inheritance and therefore, a full understanding of their structural behaviour is of paramount
importance.

Over the years, several approaches have been developed for the investigation of failure of masonry
structures. Emphasis is given in the heterogeneous nature of masonry (masonry blocks and mortar
joints), which imposes a difficulty in simulating the response of this structural type. Continuum
damage and discrete models can be adopted to simulate damage in masonry structures. Finite
element analysis is one of the numerical tools, which are widely used for this task.

In this thesis, a methodology is proposed for the structural evaluation of masonry systems, such as
buildings and arches, using nonlinear finite element analysis. Traditional constitutive descriptions,
including non-smooth contact mechanics, as well as damage mechanics, are adopted for the
investigation of the ultimate, failure response of masonry structures. Within this framework, the
existing interfaces between masonry blocks, standing for potential damage surfaces, are simulated
using unilateral contact and friction. To capture the compressive damage mode on the blocks,
damage plasticity laws are introduced. Compressive and tensile damage plasticity laws can also be
used to simulate the failure response of complex masonry systems.

A new approach is also provided in the thesis, relying on data-driven structural engineering using
machine learning principles. According to this approach, artificial neural networks are adopted to
replace time-consuming numerical simulations, providing a fast and computationally efficient
evaluation of the failure response for masonry arches. Datasets are built for this purpose, using
finite element analysis simulations. For the implementation of the parametric simulations, which
are needed for the development of the datasets, programming codes in Python and Matlab are
developed, in collaboration with commercial finite element models. The proposed concept can be
adopted to predict the mechanical response, failure load and collapse mechanism of masonry
arches and thus, it can be used for the structural health monitoring of these structures.

To provide a holistic investigation of the structural response, the thesis focuses on the evaluation
of both the static structural and the dynamic response of masonry buildings. Case studies in real
structural systems are included, highlighting the applicability and efficiency of the proposed
methodologies. In particular, the structural response of a three-span masonry arch bridge in

Turkey, as well as the response of a seven-span shipyard building in Greece, has been investigated.

viii



Among the outcomes of this thesis, is the evaluation of the collapse mechanisms of multi-span
masonry arches, as these compare to the collapse mechanisms of single-span arches. It is proved
that a four-hinge failure mechanism arises when a vertical load is applied at the middle arch of a
three-span masonry arch bridge, which is a typical response observed on single span masonry
arches. It is also noted that a hinge-mechanism is the critical failure pattern for discrete models of
multi-span masonry arches, under in-plane and out-of-plane loads.

For the structural assessment of masonry buildings, it is proved in this thesis that finite element
analysis can be used to explain real and possibly undocumented structural damages experienced
by the buildings, due to static and/or dynamic actions.

An effort is also made in the thesis, to propose an innovative data-driven methodology, aiming to
capture the structural response and collapse mechanism of masonry arches. Thus, it is shown how
machine learning can be integrated within structural analysis and used to solve the complex
problem of the structural evaluation of circular masonry arches. The computational cost of
this methodology is significantly reduced, comparing to conventional finite element
simulations. The extension of this concept can be adopted for the structural health

monitoring of masonry structures.
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Chapter 1 — Introduction

1.1 Background

Masonry as a building material is among the oldest and widely used materials. Structures made
of masonry are among the most traditional structural forms extensively used across the world,
which is attributed to their affordability and availability. The use of masonry as a building material
can be considered as the beginning of civil engineering (Phonphuak and Chindaprasirt, 2015).
This method of construction dates back to the 7000 BCE, where masonry was in the form of sun-
dried mud blocks (Murmu and Patel, 2018). This was influenced by the prevailing geological
formations and conditions of surrounding areas, since natural stones were mostly used. Other

factors include the durability, easy to handle, aesthetic appear and affordability.

Some of the monumental structures which are an architectural marvel are made up of masonry:
the Great Wall of China, the Colosseum in Rome, the pyramids in Egypt, Chichén Itza in Mexico,
Petra in Jordan, the Taj Mahal in India, the Machu Picchu in Peru, The Pont Du Gard in France

and the Mnajdra Prehistoric Temples in Malta.

Over the years, the technique of using masonry as a construction material advanced and the
people’s craftsmen skills improved. This led to the desire to construct structures that can enclose
and/or span over areas. This method of construction constitutes a particular structural type, known
as masonry arch bridge or masonry vault. The technique of building arches was first seen in the
2nd millennium BC in Mesopotamian brick architecture (Anastasio, 2020). The first arch
structure was discovered by archaeologists in ruins of Babylonia and estimated it was constructed
about the year 1400 B.C (Brick Industry Association, 2007).

Mansory structures have a peculiar structural behaviour due to their no-tension characteristics.
Their strength lies on the geometric form of the structure, which is properly built to ensure it is
mainly in compression when subjected to loads. The contact conditions between adjacent
stones/blocks allow for the potential development of normal and/or tangential displacements
between them, introducing a nonlinear response. Therefore, a thorough understanding of the
structural behaviour of masonry structures is of crucial importance, for their restoration and

preservation.

Most of the ancient masonry structures have sustained some form of damage over the decades

while in service. Some of the common structural problems that they may experience, which can
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lead to failure and/or collapse, are (a) deterioration of the masonry material due to thermal effects,
moisture, or chemical actions; (b) damage of the arch barrel due to ring-separation, arch barrel
distortion, and cracking, which is a result of longitudinal shear or tensile failure (Ford et al., 2003,
Melbourne, 1991); (c) failure of the foundation, which is mainly caused by settlement of supports
(Ashurst, 1992); and (d) vehicle collision, which can interact with abutments, arch barrels, or
piers(Melbourne et al., 2006, Wilmers, 2012). It must be noted that some of these defects take
place simultaneously. Other factors which can compromise the structural integrity of masonry
structures include aging, different and/or amplified loads due to seismic activity, and increased

vehicle axle loads.

A methodology is proposed in this thesis, investigating different numerical methods and
techniques, adopted to overcome the challenges involved in the structural evaluations of existing
masonry systems (buildings and arches). Some aspects of the proposed methodology are
highlighted here: (a) analytical study of the geometry using laser scanning and MATLAB scripts,
(b) destructive and non-destructive tests, and information from literature review used to provide
material properties, (c) nonlinear finite element analysis and machine learning tools, including
artificial neural networks, developed to assess the structural response of masonry systems,

emphasizing in failure.

Case studies on various masonry systems are then investigated. These include a three-span
masonry arch bridge in Turkey (Tapkin et al., 2022), a seven-span shipyard building in Greece
(Charalambidi et al.), and a single span masonry arch structure. These structures were designed
for different functionally, thus, they are subjected to different loading conditions. Therefore, the
related study enhances the depth and understanding of the structural behaviour of various masonry

systems with different geometries and load types.

1.2 Motivation for the Research

Masonry structures are part of our architectural inheritance, and their preservation is of paramount
importance. They can be found in various sizes and configurations, depicting significantly varying
aesthetic details. In Africa and Asia, most of the ancient masonry structures were made up of
stone or earth material. In America, ceramics were mostly used as masonry (Maldonado et al.,
2019). Quite often, masonry structures are integrated in modern infrastructure, for instance, the

railway masonry arch bridges in UK.



The mechanical properties of masonry stones/blocks are uncertain which is attributed to the
following reasons: (a) local irregularities of the geometry which is not always visible, including
internal imperfections of the masonry, (b) deterioration of material changing the behaviour of the
masonry structure from monolithic to discrete, (c) undocumented damage and repairs on structure,

and (d) local variation of material strength and stiffness due to chemical deterioration.

The process of restoring the structural integrity of old masonry structures requires a good
understanding of the structural behaviour of the system. In particular, this process includes, ()
visual assessment of the structure; (b) material testing for the constituent materials; (c)
understanding of the original design and the structural capabilities by developing numerical
models; and (d) implementing the actual restoration of the different elements of the structure after

the previous steps have been considered.

In early years, most of the structural investigations of masonry systems were based on static
stability and geometric proportions and were mostly limited to two- dimensional geometries (e.g.
arches or walls). During this time, relevant studies were used for design and construction. Over
the years, there has been a shift in focus, where the study of masonry structures mainly emphasizes
in the preservation and structural restoration. This is not a trivial task due to the potential
deterioration of the material properties over the years, as well as due to the fact that the structure
might have experienced different loads due to earthquakes, settlement of supports and others,

which may have caused significant damage and/or collapse.

In this thesis, a detailed study of masonry structures is undertaken using a range of numerical
modelling techniques. Within nonlinear finite element analysis, several parameters related to the
structural response of masonry buildings and arches are investigated, including the out-of-plane
and in-plane behaviour, as well as the elastic and plastic (damage) response of masonry. The
adopted modelling approaches are used to investigate the ultimate response under static and
dynamic loads. Restoration of the systems under investigation can then be implemented, to ensure

that the structural integrity is preserved.

1.3 Research Aims and Objectives

The aim of this study is to propose a methodology for a holistic investigation of the structural
behaviour of masonry systems. To successfully achieve this aim, the following objectives are

formulated:



e Developing detailed numerical models in the framework of finite element analysis (FEA)
that can simulate realistically the structural response of masonry buildings and arches.

e Implementing proper constitutive descriptions, aiming to capture failure of the
investigated structures.

e Developing a methodology that uses artificial intelligence and machine learning to
predict the structural behaviour of masonry arches.

1.4 Technical and Scientific Contributions

The work presented in Chapters 4 and 5 includes a detailed description of different techniques of
numerical modelling of masonry structures, in the framework of finite element analysis. First, an
analytical study is conducted to provide the geometry of the structures using laser scanning. From
the laser scanner, a point cloud describing the geometry is obtained and transformed to a solid 3-
D geometry suitable for finite element modelling. In Chapter 4, discrete and continuum modelling
approaches, including unilateral contract and friction laws as well as damage mechanics
constitutive descriptions, are adopted to investigate the following aspects of the structural
response of masonry arch bridges, (a) the opening/sliding between the stones, (b) compressive
and tensile failure, (c) quasi-brittle material failure, and (d) the beneficial influence of the backfill

over the arch.

In Chapter 5, static and dynamic finite element analysis models are proposed to, (a) identify the
material properties and the damage patterns of a masonry building, and (b) explain the existing
damage developed in the building. It should be noted that due to the large size of the building,

age and damage, the material properties vary across the structure.

Among the most important contributions emerging from this research, is the introduction of
machine learning elements, implementing data-driven structural engineering and used to predict
the structural behaviour of masonry arches. This concept is presented in Chapter 6 of the thesis.

Within machine learning, artificial neural networks used to predict the structural response of
masonry arches, are trained by using datasets, generated from a parametric analysis of nonlinear

finite element models.

Within the thesis, different numerical modelling techniques are adopted, focusing on the structural

investigation of masonry buildings and arches with different geometries and loading types. This
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provides an insight to the non-trivial structural behaviour of masonry structures which is
attributed to the heterogeneous nature of the material and the contact conditions between the

masonry stones.

e predict the structural behaviour of masonry arches.

1.5 Research Scope and Limitations

The scope of this study is limited to the structural behaviour of masonry structures such as
buildings and arches, with emphasis on the heterogeneous nature of masonry. In this study, non-
linear finite element models are used to gain a sight on the structural behaviour of masonry
systems with real structural systems used as case studies to highlight the efficiency and
applicability of the proposed methods. Also, an innovative data-driven methodology is proposed
to capture the structural response and collapse mechanism of masonry arches. The complex
structural problem is solved by using non-linear finite element models to perform a parametric

study to create a dataset to be used for the machine learning.

The scope of this study is limited by the following reasons: funding and computational costs.
Funding limited the number of case studies that can be considered for this study since collecting
comprehensive experimental data requires a lot of expensive machinery and resources.
Computational cost and computer resources limited the number of finite elements models and the
complexity of the models as the more complex the models are, the more computational resources

are required.

1.6 Structure of the Thesis

This thesis is organised into seven chapters, two of which are published papers derived from this
investigation and presented in their original form. One (special issue article pending) chapter
includes an article submitted to an international journal. An overall introduction is given in the
present chapter and a summary of the findings and overall conclusions are provided in the last

chapter. In particular, the content of each chapter of the thesis is provided below:



Chapter 1

Chapter 2

Chapter 3
Chapter 4

Chapter 5

Chapter 6

Chapter 7

provides an overall introduction and motivation of this study. The structure of the
thesis is presented.

provides a literature overview related to the structural response of masonry arches
and buildings. The importance of masonry structures in the society is also
highlighted.

presents the methodology adopted on this thesis.

introduces nonlinear, three-dimensional finite element models which are used to
provide the ultimate response and collapse mechanism of multi-span masonry arches
(published article 1).

presents the framework for the structural evaluation of a partially collapsed masonry
monument, using static and dynamic analysis within the finite element method. The
existing damage on the structure is investigated (published article 2).

presents an innovative methodology for analysing the structural response of circular
masonry arches using machine learning. The proposed scheme aims to provide a tool
for the computationally inexpensive and fast assessment of the structure response of
masonry arches (article submitted for publication).
provides a summary of the key findings and conclusions, which are derived from this
study. In addition, future work and recommendation of further research are

presented.
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Chapter 2 — Literature review

2.1 Introduction

The aim of this chapter is to provide and insight to the current literature which is related to the
structural evaluation of masonry buildings and arches. First, a brief discussion on the general
background of masonry as a building material is presented. Following that, a discussion on the
structural response of masonry is presented together with information on how the mechanical
properties of masonry can be obtained experimentally. Thereafter, a review of unreinforced
masonry arches is presented and common techniques for analysing the structural performance of
arches are explored. Finally, the background of finite element modelling for masonry structures

is presented.

2.2 Description of Masonry

Masonry is a heterogeneous material, since it consists of individual units and joints. These units
can be bricks, blocks, ashlars, adobes, irregular stones, and others. The cohesive layer or mortar
can be any material with adhesive properties like clay, bitumen, chalk, glue, and lime-/cement-

based mortar.
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Figure 2- 1: Different types of stone masonry: (a) rubble masonry; (b) ashlar masonry; (c)
coursed ashlar masonry (Lourenco, 2014).



Stone was the first known material to be used for the masonry blocks. The use of stone can be in
different configurations to achieve various geometries. Figure 2-1 shows some of the possible
configurations of using stone as a building material. Over the years, different masonry materials
have been developed, due to the developments/improvements of the construction technique,
craftsmanship, the local culture and wealth, knowledge of materials, architectural reasons, and
lastly the availability of materials.

The construction of ancient masonry structures was very complex. The separation of architectural
features and structural elements was not always clear. When the walls of the structures where
needed to be very thick, typically two/three layers of different types of stones would be used: the
outer layer would be ashlars, the inside layer/layers would be an infill of rubbles and/or irregular
small stones. A typical section of a thick masonry wall is shown in Figure 2-2. This kind of
complex arrangement of masonry makes it cumbersome to fully analyse the behaviour of these

structures/ systems.

(2)
Figure 2- 2: Section of a thick masonry wall: (a) photograph of wall and
(b) schematic drawing of the masonry wall (Binda, et al, 1999).



2.3 Material behaviour of masonry

In ancient and modern masonry structures, there is a wide variation of materials, techniques and
craftsmanship skills making the task of understanding the structural response and performing
structural analysis of such systems complex. With all these variations, masonry as a building
material can be classified into two types, based on its structural behaviour, namely, reinforced
and unreinforced. In a reinforced masonry building or arch, a type of reinforcement, like for
instance fibre reinforced polymer (FRP) strips or steel reinforcement in the form of bars/ties, is
provided on the masonry to increase the tensile strength and enhance the structural behaviour.
|This usage of reinforcement in the masonry, makes the nonlinear behaviour, which arises due to

the interfaces between the discrete masonry blocks/units, less critical.

On the other hand, unreinforced masonry has a very low tensile strength and the nonlinear
behaviour due to the discrete masonry blocks/units can be critical. Due to this potential damage
along the interfaces of masonry blocks, which may also lead to out-of-plane failure, masonry
structures are more vulnerable to seismic loads (Chieffo et al., 2019, Standard, 2005). In Eurocode
6 and in general engineering practise, the tensile strength of masonry is approximated to be one

tenth of the compressive strength (Standard, 2005).

2.4 Computational Mechanics for masonry elements

When modelling the complex material behaviour of masonry by introducing either analytical or
numerical approaches, three techniques can be adopted, (2) the detailed micro-modelling, (b) the

simplified micro-modelling and (c) the macro-modelling.

In the detailed micro-modelling, units and mortar in the joints are represented by continuum
elements, whereas the unit-mortar interface is represented by discontinuous elements. Within the
simplified micro-modelling approach, expanded units are represented by continuum elements,
whereas the behaviour of the mortar joints and unit-mortar interface is lumped in discontinuous
elements. These interface elements represent the potential crack location where tensile and shear
cracking may occur. In the macro-modelling approach, units, mortar, and unit-mortar interface
are lumped into a homogeneous continuum (Lourengo, 2002). Schematically, these models are

shown in Figure 2-3 below.
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Figure 2- 3:Modeling techniques for masonry structures: (a) detailed micro-modelling; (b)
simplified micro-modelling; (c) macro-modelling (Lourengo,2002).

In macro modelling, the overall geometry of the structure is approximated, which allows for more
complex loading conditions to be applied, for instance, focusing on the nonlinear seismic
response. This approach also allows for the simulation of the nonlinear behaviour of the material,
with relatively low computational cost. It is also noted, that for the accurate modelling of masonry,
comprehensive experimental data may be needed. The strength of the material is usually tested

while deformation characteristics, like the inelastic strain response may or may not be found.

2.5 Experimental data for masonry

When investigating the stress and strain distribution in structures or structural components, one
of the critical factors to be considered is the material properties. The mechanical material

properties can be obtained from conducting destructive and non- destructive experimental tests.

Destructive testing is the process whereby the material is broken down in order to obtain its
mechanical properties like strength, toughness and hardness. This form of testing is not preferable
for important and protected monumental structures since it alters and/or destroys the material.
However, this form of testing often provides the most critical characteristics of the material. Some

of the widely used destructive testing techniques are presented in Table 2-1 below.
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Table 2- 1: Commonly used destructive test techniques.

Technique

Capabilities

Limitation

Tensile test

Tensile strength

Compression test

Compressive

strength

Bending test

Flexure strength

Torsion test

Torsion/Twisting
strength

Hardness test

Deformation/
impact strength

Test sample is destroyed or damaged in the process of testing.

On the contrary, non-destructive testing is used when the material properties can be determined

without destroying and/or altering the material. This form of testing is preferable for monumental

structures. Some of the commonly used non-destructive testing techniques are presented in Table

2-2 below. It is noted that the visual inspection is generally the easiest and cheapest non-

destructive testing approach, provided the structure is accessible.

Table 2- 2: Commonly used non-destructive test techniques (Vyas and Kazys, 2018).

Technique

Capabilities

Limitation

Visual Inspection

Macroscopic
surface flaws

Small flaws are difficult to detect, no subsurface flaws.

Microscopy

Small surface
flaws

Not applicable to larger structures, no subsurface flaws.

Radiography

Subsurface flaws

Smallest defect detectable is 2% of the thickness, radiation
protection. No subsurface flaws not for porous materials.

Dye penetrant

Surface flaws

No subsurface flaws, not for porous materials.

Ultrasonic

Subsurface flaws

Material must be good conductor of sound.

Magnetic Particle

Surface / near
surface and layer
flaws

Limited subsurface capability, only for ferromagnetic materials.

Acoustic emission

Can analyse

entire structure

Difficult to interpret, and expensive equipment required.

2.6 Masonry to mortar bond

Masonry structures derive their strength from the individual masonry units which have a high

compressive strength and low tensile strength. This enables them to perform well under

compressive loads and poorly when subjected to tension loads. The interface between the units is
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the weakest point of this assembly, due to the low tensile resistance of the mortar joints, leading
to potential cracking.

To accurately model the behaviour of the interfaces, their failure modes under different loading
conditions need to be fully understood. The two main failure modes are tensile failure and shear
failure. These are known as mode | and mode Il failure type, respectively (Lourengo, 2021). In
Figure 2-4, schematic diagrams of these failure types are shown. A secondary mode of failure
may appear when mode | and Il failures take place concurrently. This secondary mode is known

as mixed mode failure.
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Figure 2- 4: The main failure modes of mortar in masonry structures (a) Tensile
failure and (b) shear failure (Thamboo and Dhanasekar, 2016).

The contact conditions of adjacent masonry blocks/stones can be modelled using two modelling
techniques, namely, the detailed micro-modelling and the simplified micro-modelling technique.
In the detailed micro-modelling approach, the mortar layer and the discrete masonry units are
simulated using their real geometry and their distinct properties are explicitly incorporated (Adam
et al., 2010, Vyas and Venkatarama Reddy, 2010, Shieh-Beygi and Pietruszczak, 2008, Zucchini
and Lourenco, 2007, Brencich and Gambarotta, 2005). In the simplified micro-modelling
approach, the mortar layer is modelled by defining a contact mechanics law, between the
interfaces of the discrete masonry units (da Porto et al., 2010, Ordufia and Lourengo, 2003, Berto
et al., 2002, Zhuge et al., 1998, Dhanasekar, 1985).

2.7 Vaults and Arches

Over the years, the construction techniques on masonry systems have been improved in such a
way that unique architectural buildings were constructed to match the aesthetic appeal of the
environment. A new construction method was developed to enclose and/or span over areas using
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masonry. This technique of construction was first observed in Mesopotamian architecture, dating
back to the 2nd Millennium BC (Anastasio, 2020). This was the birth of vaults and arches as a
method of construction.

Arches and vaults are efficient load-bearing structures. They distribute applied loads through
compression along adjacent masonry stones. The arch as a method of construction is directly
linked to the material behaviour of the masonry. There exists a harmonic relation between the
masonry stones/blocks and the shape of the arch to ensure the structure is mainly under
compression. Compression failure of masonry arches is generally unlikely to take place, thus, the

typical failure mode of arches is tensile (Grillanda et al., 2021).

2.7.1 Structural theory for arches and vaults

The structural design of ancient masonry arches was based on engineering practice developed at
that time, which was mainly focused on three structural criteria: strength, stiffness and stability
(Dahmen and Ochsendorfs, 2012, Heyman, 1996). Stability was probably the most critical
condition in the design of masonry arches since the compressive strength of unreinforced masonry
is often adequate to support the applied loads. On the other hand, vaults and unreinforced arches
may not be able to support seismic actions or settlement of supports, since these conditions can

lead to instability.

To evaluate the stability of masonry arches, the concept of the thrust line was introduced. In
particular, a thrust line is a line passing through the centres of the internal pressure, which is
developed at the sections of an arch. It is used to represent the path of the resultant compressive
forces (Méry, 1840, Moseley, 1856).

The stability of unreinforced masonry arches is achieved when the thrust line is maintained within
the cross-section of adjacent masonry units, which ensures that the structure is under compression.
Figure 2-5a shows a typical arch with a thrust line maintained within the cross-section of the
masonry units. To ensure stability, the designer needs to properly define the geometry of the
structure in such a way that it remains mainly in compression under any loading conditions. In
the event, the thrust line falls at the boundary of the section of the masonry, a hinge is formed
which can lead to damage and/or partial collapse of the structure (Figure 2-5b). This problem of
finding a suitable geometry for masonry arches, was first explained by (Hooke, 1676) using the

‘hanging chain’ principle.
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Figure 2- 5: (a) An arch with thrust lines within sections, (b) an
arch with thrust lines outside the sections (Pulatsu et al., 2019).

2.7.2 Robert Hooke’s ‘hanging chain’ Principle

Several researchers and engineers have made efforts to understand the structural response of
masonry arches. Robert Hooke (Hooke, 1676) has been pioneer for first describing the stability
of masonry arches under their self-weight by proposing a rational rule to sizing masonry arches.
This rule is based on the analogy of a hanging chain forming catenary in tension under its self-
weight. Then, it is concluded that the inverted chain, representing an arch, stands rigid in
compression (Heyman, 1982, Heyman, 1998, O’Dwyer, 1999, Block et al., 2006).

In (Hooke, 1676), it was concluded that both the chain and the arch will be in equilibrium, the
chain under tension and the arch under compression (Figure 2-6a). This principle led to the
concept of the funicular polygon which states that, the shape made by a string or chain under
certain loads, if inverted, is the ideal geometry to support the same set of loads. This method has

successfully been used to produce the line of thrust along the masonry arch structures.

In 1748, (Poleni) used Hooke’s hanging chain principle to assess the safety of the cracked dome
of St. Peter’s in Rome. Figure 2-6b shows Hooke’s hanging chain principle as applied to the
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analysis of St. Peter’s dome. Recently, this technique was used by (Géspér et al., 2022), in a study
which relates the optimal geometry of a masonry arch and the number of concurrent hinges under
self-weight, at a limit state quantified by minimum thickness.

(b)

Figure 2- 6: (a) Hooke’s hanging chain in tension with the corresponding inverted arch in
compression; (b) the safety of the cracked dome of St Peter’s in Rome demonstrated by Hooke’s
principle (Block et al.,2006)

2.7.3 Classical mechanics on unreinforced masonry arches

A few decades later, a new technique of analysing arch structures was presented, known as the
classical collapse mechanism. This technique uses the funicular polygon as the fundamental tool
for analysing arches and is based on the estimation of the thrust line. The classical collapse
mechanism theory as presented by (Heyman, 1982), has been widely used for determining the
load-bearing capacity of masonry arches. This concept has been used as the building block for
other analytical methods aiming to estimate the thrust line in masonry arches. In (Heyman, 1982),
it was concluded that, for arches to be fully under compression, the thrust line must lie within the

core (middle third) of the section.

Unreinforced masonry arches form a plastic hinge when the thrust line is tangent to the extrados
and/or intrados of the ring. The introduction of three hinges changes the determinacy of a fixed
support arch from statically indeterminate to statically determinate. The addition of a fourth hinge
triggers a kinematic collapse mechanism classically known as the four-hinge collapse mechanism
(Heyman, 1967). This four-hinge collapse mechanism is generally the common cause of structural

failure on arches.
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In the classical studies presented by (Heyman, 1982), the structural behaviour of unreinforced
masonry arches under settlement of supports is also explored. It was mentioned in these studies
that if the abutments spread for a reason, ‘‘the arch could accommodate itself to the increased
span by forming three hinges, one at the crown in the extrados, and one at each abutment in the
intrados’’. In the same studies it was also claimed that if the abutments are too close, ‘‘three
hinges have again been formed to accommodate the decreased span, one at the crown in the
intrados and one at each abutment in the extrados”. In a study conducted by (Drosopoulos et al.,
2008), these conclusions were verified using nonlinear finite element models, in single span, two-
dimensional arches. In Chapter 4 of the thesis, the possibility for a three-hinge mechanism to
appear due to settlement of supports in multi-span arches, using three-dimensional finite element

analysis, is investigated.

2.8 The main elements of a masonry arch bridge and their functionality

A masonry arch bridge, like any other structure, consists of different structural elements which
contribute to the overall structural integrity and load bearing capacity. The main structural

elements of a masonry arch bridge are shown in Figure 2-7.

The main structural element is the arch barrel, which is found in different geometries, such as for
instance, semi-circle, semi-ellipse and parabolic. The arch barrel is generally a ring of large stones
which transfer the applied loads to the supports, through compression in the masonry sections.
The fill material (compacted fill soil) is placed above the arch barrel, to provide a level formation
for the road carriageway or railway surface. The fill material distributes the load from the road
carriageway or railway surface over a larger area, to reduce the load intensity on the arch barrel.
This has a beneficial contribution to the load-carrying capacity of the arch bridge, by reducing the
load intensity experienced by the arch barrel. Furthermore, the self-weight of the fill material
introduces an overall compressive load to the arch barrel, which further enhances the structural

response of the arch.

The spandrel walls are built on the side of the arch barrel and may extend to the wing walls beyond
the abutments, to ensure the fill material does not spill out. Damage or collapse of the spandrel
walls can lead to the loss of the fill material over the arch barrel rendering the bridge unfit for use.
The wing walls and parapets do not have a direct influence on the structural integrity of the arch
bridge. The wing walls are mainly used to contain the fill material beyond the abutment wall and
to minimise settlement on the road carriageway or railway surface. Parapets are used to protect
users from falling into the watercourse-way, road track, railway track or lower ground since most

masonry arch bridges are at an elevated height relative to the surrounding area.
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Figure 2- 7: Elements of a masonry arch bridge (Pipinato, 2022).

2.9 Methods used to investigate the structural response of masonry arches

In recent years, several studies have been conducted to evaluate the structural behaviour of
masonry arches and improve their ultimate strength. Some of the recognized methods include (a)
the military engineering experimental establishment method, (b) the collapse mechanism method,
(c) the finite-element method (FEM) and (d) the limit analysis method. Another recent and
innovative approach is to adopt machine learning principles in order to evaluate the structural
response of masonry arches. In Chapter 6 of the thesis, a methodology is proposed, elaborating

this concept.

2.9.1 Military engineering experimental establishment (MEXE) method

The military engineering experimental establishment (MEXE) method is a semi-empirical method
based on elastic analysis that only considers the independent strength of the arch barrel (Hughes
et al., 1997). This method is derived from Pippard’s elastic method (Pippard et al., 1936) with a
point load applied at mid span of the arch (Wang et al., 2013). Empirical formulas with modifying
factors referring to the geometry and material conditions of the structure are used to calculate the
load capacity (Pippard et al., 1936). These modifying factors are obtained from visual inspection

of the structure.
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Due to its simplicity and quickness, this method has been widely adopted in Europe for the
assessment of railway and highway masonry arches (Orban, 2004). Advancement in research and
experience has demonstrated that this method is very conservative and seriously underestimates
the load capacity of the structure (Code, 2011). In contrary, (Wang et al., 2013) has shown that in
some cases, the MEXE method is non-conservative and the lack of transparency in the method
makes it difficult to fully understand the influence of the assumptions made.

2.9.2 Collapse mechanism method

The collapse mechanism method uses simple equilibrium calculations based on the assumption
that the collapse of an unreinforced masonry arch takes place due to the formation of a four-hinge
mechanism (Hughes et al., 2002, Page, 1993). The research done by (Pippard et al., 1936, Pippard
and Baker, 1968), formulates the foundation of this method. In this research, it was developed a
tabular procedure of determining the ultimate load of unreinforced voussoir arches. It was
assumed that a structural instability would occur when the thrust line is tangent to the intrados

and/or extrados at four points of the arch, which will result in the formation of four hinges.

In later years, (Heyman et al., 1980) presented a solution which uses equilibrium equations to
determine the ultimate load for unreinforced masonry arches. This was called the ‘geometric
factor of safety’ solution, which is also known as the mechanism approach. In this solution, the
following assumptions were made: (a) masonry stones have no tensile strength, (b) the
compressive strength of each stone is infinite, (c) sliding between stones cannot occur, and (d)
the masonry blocks/stones are rigid. It was also concluded that the ultimate load was obtained
when the point load was applied at the quarter span of the arch, with hinges forming at the
springings and crown of the masonry arch (Heyman et al., 1980). This four-hinge failure

mechanism is shown in Figure 2-8.
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Figure 2- 8: Collapse of a voussoir arch with four-hinge mechanism (Ford et al., 2003).
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A few years later, after the development of the mechanism approach, (Crisfield and Packham,
1987) developed a computational technique to obtain the ultimate load of unreinforced masonry
arches by solving the equations of equilibrium. In this improvement, the following aspects of the
masonry arch were incorporated: (a) the compressive strength of masonry, (b) the dispersion of
load through the fill over the arch barrel, and (c) the lateral earth pressure exerted on the arch
barrel by the fill.

In (Boothby, 1995), further development to the mechanism analysis was made, by introducing the
possibility of sliding failure in arches. In his study, it was concluded that a collapse mechanism
is most likely to occur in unreinforced masonry arches with low-rise-to-span ratios and thick arch

barrel.

2.9.3 Limit analysis method

Limit analysis method is a modern implementation of the classical collapse mechanism method
based on linear programming (Gilbert and Melbourne, 1994, Melbourne and Gilbert, 1995). This
method is adopted by the Ring software (LimitState:RING, 2020). In this method, the structure is
simulated as a schematic assembly of rigid, no-tesion blocks, introducing also frictional sliding
in-between the interfaces of the blocks (Caporale and Luciano, 2012). The blocks are modelled
as rigid bodies of infinite compressive strength, such that crushing cannot occur. Instead, hinges

can be developed at the interfaces.

In (Foraboschi, 2004, Caporale et al., 2006), it was concluded that in some instances, reinforced
masorny arches can experience compressive failure, indicating that crushing of the bricks and/or
the mortar joints should also be considered in the analysis. In (Ordufia and Lourenco, 2003), a
modification of the limit analysis method was proposed, to incorporate compressive failure of
unreinforced mansory arches. This novel procedure was also proposed by (Ordufia and Lourenco,
2005b, Ordufia and Lourengo, 2005a), by adopting a limit for the compressive strenght of the
mansory. Frictional sliding and torsion failure modes at the interfaces were also included in these

descriptions.

This method has been used in (Moreira et al., 2016), to assess the reliability of five mansory arch
railway bridges located in Portugal. These mansory arch bridges were modelled as rigid units
separated by contact interfaces along masonry joints, with a rigid-plastic constitutive behaviour.
In this study (Moreira et al., 2016), it was conlcuded that the structural response of the mansory

arch railway bridges, becomes less predictable with increase in span length. In (Costa et al., 2015),
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the limit analysis method was adopted to evaluate the ultimate load-carrying capacity of S&o
Léazaro bridge, which is a mansory arch bridge located in Portugal with two unequal arch spans.
The RING software (LimitState:RING, 2020) was utilised to perform the structural assessment
of the bridge, considering the action of the dead load and incremental static loading simulating
the vehicle load as recommned on the national design standards.

2.9.4 Investigation of the structural response of masonry arches using the
finite element method (FEM)

The finite element method (FEM) is a numerical procedure which can be used to solve equations
governing a physical system (Ofiate, 2009). In particular, the method is used to solve partial
differential equations, describing the mechanical response of structural systems. Within the FEM
method, a weak formulation is usually adopted, such as the Principle of Virtual Work, converting
the systems of differential equations to integral expressions (Drosopoulos and Stavroulakis,
2022).

Finite elements are introduced to discretize the overall geometry, interconnected at discrete points
(nodes). The finite element method can be used to predict the structural response of complex

structural systems, which would not be solved by traditional analytical approaches.

During the last years, the finite element method is widely used in research focusing on the
structural evaluation of masonry buildings and arches. Referring to masonry arches, the finite-
element method relies on the development of a computational, structural model that considers the
influence of each element of the bridge (arch barrel, spandrel walls, wing walls, fill, and parapets)
(Crisfield, 1985h, Towler, 1985).

In the study of the structural behaviour of masonry arches, the finite element method was first
used by (Towler and Sawko, 1982) and (Crisfield, 1985b) to compare against experimental
models of masonry arch structures. In the early models adopting the finite element method, the
effects of the fill material above the arch barrel were not considered and the arch was modelled

as a two-dimensional structure.

In later work, (Crisfield, 1985a, Crisfield and Wills, 1986, Crisfield and Packham, 1987) noticed
the importance of the fill material for the estimation of the ultimate load, and the fact that arches
depicted very low collapse loads when the positive influence of the fill was ignored. As mentioned

above in the thesis, the presence of the fill over the arch barrel reduces the load intensity on the
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arch, thus, increasing the ultimate load. In the modelling of the fill material above the arch, the
Mohr-Coulomb yield criterion, as presented by (Crisfield, 1987), was adopted. To ensure
convergence to a solution and stability of the analysis, an incremental-iterative procedure called
Newton-Raphson, was used.

In the framework of finite element analysis, different computational strategies have been used to
simulate the structural response of masonry buildings and arches, including: (a) the micro-
modelling, (b) the macro-modelling, (c) the multi-scale and (d) the continuum approach. In the
following lines of this section, a brief literature review, emphasizing in these methods, is

provided.

2.9.4.1 Micro-modelling approach

The micro-modelling approach is a comprehensive analysis of masonry structures, which is ideal
for small structural elements since it is computationally expensive. In this modelling strategy, the
masonry units are modelled as continuum elements and the mortar interfaces are represented by
discontinuous elements. This approach was first developed by (Cundall, 1971) to model joint
failure in sliding rock masses. For the structural assessment of masonry arch bridges, this
approach has been used in (Tapkin et al., 2022, Costa et al., 2015, Thavalingam et al., 2001, Ng
etal., 1999).

2.9.4.2 Macro-modelling approach

The macro-modelling approach is a simplified and efficient approach used to evaluate the overall
response of masonry structures. In this approach, the individual masonry units and joints are not
explicitly simulated. Instead, the collapse mechanism is smeared out in the continuum using
damage mechanics models. The material is regarded as anisotropic composite and a relation is
established between average masonry strains and stresses. In (Anthoine, 1992, Lourengo, 1996),
it is proposed that there are few orthotropic material models which can be used to evaluate the
behaviour of masonry structures (Laurenco et al., 1995). In (Zampieri et al., 2015, Pela et al.,
2013, Pela et al., 2009), the macro-modelling approach has been adopted to investigate the
structural behaviour of masonry arch bridges under seismic loading. The same approach has also
been used in (Pulatsu et al., 2019,Conde et al., 2017, Fanning and Boothby, 2001).
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2.9.4.3 Multi-scale methods

The multi-scale modelling approach is a strategy adopted to model the heterogeneous nature of
masonry, where the constitutive behaviour on the macroscopic level is represented by the
effective behaviour of a corresponding Representative Volume Element (RVE) (Sori¢ et al.,
2018). In (Ainsworth and Mihai, 2009), an adaptive multi-scale approach for modelling large
masonry structures is proposed. This approach combines simplified structural level and detailed
micro-scale modelling by reducing the contact constraints without significantly changing the
behaviour of the structure. In (Mihai and Ainsworth, 2009), adaptive multi-scale approach was
adopted to simulate a three-span arch masonry arch bridge in Cambridge, UK. In (Drosopoulos
and Stavroulakis, 2018), a multi-scale computational homogenization approach is used to
investigate localization of damage in masonry walls. The Extended Finite Element method

(XFEM) is used to capture crack propagation in the macroscopic level.

2.9.4.4 Continuum models

Continuum models, such as for instance damage mechanics laws, are used to simulate the material
behaviour in finite element models, focusing on tensile and compressive damage, as well as
irreversible (plastic) strains (Toti et al., 2013). When adopting continuum models, diagonal
tension cracking on the masonry units and masonry crushing, can be observed. Different
continuum models can be used to capture failure for masonry structures, including: (a) Mohr-

Coulomb plasticity law (b) Drucker- Prager law, and (c) Concrete smeared crack model.

The Mohr-Coulomb law describes the shear and normal stress response and is commonly used
for materials depicting greater compressive strength than tensile strength, like for instance the fill
material (soil). This model uses the conservation of energy principle to describe the linear
relationship between shear and normal stresses (or minimum and maximum principal stresses) at
failure (Labuz & Zang, 2012).

The Drucker-Prager law describes the pressure-dependent failure mode, when a material has
failed or experienced plastic yielding (Campbell & Duran, 2017). This model is commonly used
to describe the mechanical failure of rock, soil, concrete, and other pressure dependent materials
(Jiang et al., 2011). It is comprehensive in describing the isotropic hardening or softening of a

material and uses linear, exponential or hyperbolic functions to describe yield surfaces.
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The concrete smeared crack model describes the nonlinear behaviour of cement-based materials
subjected to different loading paths. This model simulates the crack initiation and propagation by
using a multidirectional fixed smeared crack approach (Edalat Behbahani et al., 2015). The
inelastic behaviour of the material is incorporated by combining plasticity and damage theories
using a yield function.

2.9.5 Machine learning methods

Machine learning is a branch of artificial intelligence which uses datasets and algorithms to make
predictions of the response of systems. In the past, machine learning was not commonly used in
structural engineering due to limitations on machine learning algorithms and computing power
(Reich, 1997). Over the years, there has been development and improvement of the machine
learning algorithms and computational power. These improvements have resulted in the
significant increase of using machine learning tools, to solve complex structural engineering
problems (Thai, 2022).

In (Jing et al., 2022), an artificial neural network called BridgeNet is proposed for automating the
segmentation of masonry arch bridge elements from a large-scale masonry point cloud. In
(Melchiorre et al., 2021), machine learning algorithms are used to structurally optimize the cross-
section of a circular arch by calculating the internal stresses and comparing them against the yield
stresses of the material. In (Civera et al., 2022), artificial intelligence and machine learning
algorithms are used for structural health monitoring, to interpret operational modal analysis mode
shapes, which is normally a labour-intensive task. The vibrational modes predicted by the

machine learning algorithms were compared against experimental cases.

In Chapter 6 of this thesis, a data-driven machine learning approach, for the structural evaluation
of masonry arches is proposed. It must be noted, that during the time of writing this thesis, no

relevant work was found.
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2.10 Investigation of the structural response building using the finite-
element method (FEM)

The finite-element method has been widely used to evaluate the structural response of masonry
buildings, due to its flexibility in modelling structural elements. In (Rosenhaupt and Sokal, 1965,
Saw, 1974), the behaviour of masonry building elements were assumed to be isotropic elastic to
simplify the problem and the influence of mortar joints was ignored. In (Dhanasekar et al., 1984),
a simplified ‘nonlinear’ finite element model was proposed, were material properties of masonry
and joints were averaged following numerous biaxial tests on bricks of masonry. In this approach,
the structure was modelled as a continuum, ignoring local effects. Other researchers (Smith and
Carter, 1970, Stafford Smith and Rahman, 1972, Ali and Page, 1985), refined this procedure to

incorporate a discrete modelling of masonry blocks and mortar.

In (Lourenco and Rots, 1993, Laurenco et al., 1995), the two approaches (Micro- and macro-
modelling) for modelling masonry building was presented. In (Lourenco et al., 2007), finite
element models were used to assess the structural integrity and safety of a Monastery of Jeronimos
in Lisbon, Portugal. This monumental structure was assessed for static and dynamic conditions.
In (Beskos, 1993, Sanchez-Beitia and Brebbia, 1997, Tzamtzis and Asteris, 2004, Milani et al.,
2007, De Villiers et al., 2021), static analysis for masonry building under their self-weight have
been developed under the framework of finite element modelling.

Dynamic loads induced by seismic actions is generally critical in large-scale monumental
structures. In (Acary and Jean, 1998, Jean et al., 2001, Calio et al., 2012, Cescatti et al., 2020,
Clementi, 2021), the seismic response of masonry buildings is investigated using finite element
analysis. This method has been widely recognized as an efficient and effective approach that can
be adopted for the structural assessment of old masonry structures (Armesto et al., 2010, Sevim
et al., 2011, Domede et al., 2013, Ataei et al., 2016). In (Shabani et al., 2022), finite element
models were used to investigate the soil-structure interaction on a stone masonry tower in
Tansberg, Norway. Non-destructive testes were used to calibrate digital-twin models to evaulate
the risk of resonance effect due to siesmic actions in zones of low seismicity activity. In (Pirchio
et al., 2021), unreinforced mansory churches in Italy were investigated using finite element
models to understand the global behavior of the churches and to identify the most critical local

mechanisms for collapse potential.
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Chapter 3 — Methodology

3.1 Introduction

Chapter 3 outlines the methods and procedures applied in the thesis, to achieve the aims and
objectives provided in Chapter 1. The main aim of this study is to investigate the structural
response of masonry systems, such as buildings and arches, using nonlinear finite element
analysis. To achieve this, a methodology is proposed in the thesis, investigating different
numerical methods and techniques, adopted to overcome the challenges involved in the structural
evaluation of existing masonry systems. Aspects of the proposed methodology include: (a)
analytical study of the geometry of the structures under investigation using laser scanning and
MATLAB scripts, (b) information from literature or evaluation of old destructive/non-destructive
tests, used to provide the material properties, and (c) nonlinear finite element analysis and
machine learning tools, including artificial neural networks, developed to assess the structural

response of masonry systems, emphasizing in failure.

3.2 Details of the adopted finite element models

To holistically investigate the response of masonry systems (arches and building), both discrete
and continuum approaches are adopted in the thesis. In particular, traditional constitutive
descriptions, incorporating principles of non-smooth contact mechanics, as well as damage
mechanics laws, are adopted for the investigation of the ultimate, failure response of masonry

structures.

3.2.1 Discrete constitutive description

Within the discrete approach, unilateral contact—friction interfaces are introduced between the
masonry stones, to simulate the response between the stone blocks, in the mortar joints. Potential
damage like the hinge-mechanism is represented by the opening and/or sliding of those interfaces.
Figure 3-1(a) shows an example of a unilateral contact—friction interface, introduced to evaluate
potential damage on a multi-span masonry arch bridge. This investigation is conducted using

nonlinear finite element analysis, as presented in Chapter 4 of the thesis.
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To simulate the contact conditions between the masonry blocks, principles taken from contact

mechanics have been adopted. Figure 3-1(b) shows a schematic representation of the contact
conditions between two adjacent blocks. The mathematical formulation of the contact-friction
laws, which are introduced in the interfaces between the masonry blocks, is provided by equations

(1)-(5) (Panagiotopoulos, 1985, Drosopoulos et al., 2006).
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Figure 3-1: (a) A unilateral contact interface (marked in red) assigned on an arch bridge finite element model,

and (b) schematic representation of the contact conditions between two stones.

In particular, u is a single degree of freedom and g represents the initial opening between the
contacting bodies, as shown in Figure 3-1(b). Inequality (1) expresses the non-penetration

condition between adjacent blocks. Inequality two states that only a compressive force (pressure)

t™, and no tensile forces, can be developed in the interfaces. Equation (3) provides the
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complementarity condition, stating that either contact occurs, with non-zero compressive forces

in the interface, or separation takes place, resulting in zero interface forces.

h=u—-g<0=h<0 €Y)
—t" >0 (2)
t"(u—g)=0 (3)

The behaviour in the tangential direction between the interfaces, is defined by a static version of
the Coulomb friction model. Two contacting surfaces start sliding when the shear stress in the

interface reaches a critical value equal to:

tt =1, = +ult"| 4)
where t' and t" are the shear stress and the contact pressure at a given point of the contacting
surfaces, respectively, and u is the friction coefficient. There are two possible directions of sliding
along an interface, so t' can be positive or negative depending on that direction. Furthermore,
there is no sliding if [t' | < u|t"| (stick conditions). The sliding rule can be summarized by the

following relations, where u; is the displacement (sliding) in the tangential direction of an

interface:
It'] < ult®] — u; = 0 (no sliding) (5a)
tt = ult"| — u, = 0 (sliding in one diretion) (5b)
tt = —ult"| — u; < 0 (sliding in the opposite direction)  (5¢)

The unilateral contact-friction problem is strongly nonlinear, due to the mentioned conditions
applied at the interfaces between the stones. Thus, the nonlinearity is caused by the opening—
closure and sticking—slipping response along these interfaces. The overall nonlinear problem is
solved using the Newton-Raphson incremental-iterative procedure. The same contact mechanics
law has been adopted to simulate (and explain) the cracks on the vault roof of the masonry

building investigated in Chapter 5 (Figure 3-2).
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Figure 3- 4: Seven-span shipyard masonry building in Greece, with vaulted roof (Providakis, 2021).

3.2.2 Continuum models

To simulate the material behaviour in the framework of finite element analysis, continuum models
incorporating damage mechanics laws are adopted. In Chapter 4, a smear crack and a damage
plasticity law are used to represent failure on a masonry arch bridge. Both compressive and tensile

failure types can be observed, when applying these damage mechanics constitutive descriptions.

3.2.2.1 Smear crack damage model

The smeared crack damage law is adopted to simulate the brittle nature of masonry by
incorporating the uniaxial tensile and compression behaviour. Within this model, cracking is
assumed to occur when the stress reaches a critical failure surface, given by the relationship
between the equivalent pressure stress, p, and the Mises equivalent deviatoric stress g, as shown
Figure 3-3b. The compressive response is defined within elastic-plastic theory, using a simple
form of yield surfaces written in terms of the equivalent pressure stress p, and the Mises equivalent
deviatoric stress g (Figure 3-3b). The post-failure behaviour of the damaged material is modelled

with a tension stiffening law and the stress—displacement diagram shown in Figure 3-3c.
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Figure 3- 3:(c) Stress—displacement law of the smeared crack damage model representing
tension softening (Simulia, 2016).
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3.2.2.2 Damage plasticity law

A damage plasticity, continuum constitutive description is adopted to simulate the failure
behaviour for quasi-brittle structures, like masonry and concrete, subjected to monotonic or cyclic
actions. The main two failure mechanisms, which can be depicted by this law, are tensile cracking
and compressive crushing. During unloading the elastic stiffness of the material is considered
damaged. This is depicted using two damage variables, one for tension and another for
compression, both introduced in the model as functions of the plastic strains. These damage
variables take values from zero, representing the undamaged material, to one, depicting total loss
of strength. If the initial elastic stiffness of the material is Eo, di and d. are the tensile and
compressive damage variables, respectively, then the stress-strain relations under uniaxial tension

and compression loading are provided by the following equations (Simulia, 2016):

o = (1 —dyE, (Et - 5151) (6)

o. = (1—-d.)E, (EC - 551) (7)

3.2.3 Geometric modelling

To obtain the geometry of the masonry structures studied in Chapters 4 and 5 of the thesis,
terrestrial laser scanning was used to obtain a point cloud, describing the geometry. Analysis is
then conducted, to convert the point cloud to an appropriate three-dimension solid geometric
format, to be used by the structural analysis software. In addition, other resources, like existing
drawings and reports were used to enrich the geometric details. Figure 3-4(a) shows a photo of
the masonry arch studied in Chapter 4, taken during the collection of the point cloud using
terrestrial laser scanning. Figure 3-4(b) shows an image of the masonry building investigated in
Chapter 5, during analytical processing of the point cloud to a three-dimension geometry by using

triangulation of the data collected.
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Figure 3- 4:(a) 3D scanning of the masonry arch bridge using terrestrial laser scanner, and (b)
analytical processing by triangulation of point cloud to 3D geometry.

3.2.4 Modal analysis and damage identification

To determine the natural dynamic characteristics of masonry structures, modal analysis can be
used, in the framework of finite element analysis. In modal analysis, natural frequencies, damping
factors and mode shapes of the structure are obtained to formulate a mathematical model which
describes its dynamic behaviour. The vibration response of a structure is expressed as a linear

combination of a set of simple harmonic motions called the natural modes of vibration or mode
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shapes. In this thesis, modal analysis simulations are implemented in Chapter 5, to identify
existing damage on a large masonry building.

The determination of structural and material properties of a partially collapsed monument and the
evaluation of existing damages is not a trivial task. The complexity of this task is amplified by
the size of the structure. The modal analysis is assisted by micro-tremor measurements which
experimentally measure the natural frequencies of the structure due to ambient vibrations. The
numerically calculated eigenvalues are compared to experimentally measured quantities. The
correlation between numerical and experimental measurements, provides an insight of the
structural response. A least square technique is adopted for the modal assurance criterion, by
driving the model from a Python script. Standard design codes for structural investigation,
recommend that the modal analysis used should have as many eigenvectors as possible in order
to activate 75% of the total mass of the structure. All the details of this research, are provided in
Chapter 5 of the thesis.

3.2.5 Extended finite element method (XFEM)

To investigate the initiation and propagation of cracks in the masonry building studied in Chapter
5, the extended finite element method is adopted. The method is an extension of the conventional
finite element analysis, introducing cracks crossing finite elements and contact interfaces,
allowing them to propagate in an arbitrary path. The main concept of this method is to use the
partition of unity property and properly enrich the nodal displacement approximation enrichment
functions, as shown in equation (8) (Simulia, 2016). For the enrichment of the split elements, the
Heaviside function H is used as given in equation (8). The domain of a crack crossing an element
is shown in Figure 3-5. This numerical method was applied in Chapter 5, in an attempt to explain

the transverse cracks on the vaulted roof of the masonry building.
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Figure 3- 5: Definition of a crack and crack domain for
XFEM (Simulia, 2016).

u= ﬁ:N,(x) [u, + H(x)a; + zz_lFa(x)b?] (8)
=1 -

3.3 Machine learning

An innovate procedure for the investigation of the structural response of circular masonry arches
using machine learning is proposed in Chapter 6 of this thesis. A data-driven analysis of circular
masonry arches is proposed, to evaluate the mechanical response of arches considering different

arch shapes (span and thickness of the stones that make up the arch).

The first step of this investigation is to conduct parametric simulations, in order to develop a
dataset with input and output geometric and structural parameters of the masonry arch. The
parametric simulations were driven by MATLAB and Python scripts to build nonlinear finite
element models with unilateral contact/friction laws used to simulate the response between

masonry blocks. The dataset obtained was then used to train the artificial neural network.

To train the artificial neural networks, the Levenberg-Marquardt algorithm is adopted due to its
fastest training algorithms. It uses the Jacobian matrix to compute the solution and assumes that

the performance function is the mean or sum of square errors. Equations (9) to (11) show the
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principle that the Levenberg-Marquardt algorithm is based on (MathLab, 2021). The Hessian
matrix is approximated by equation (9) when the performance function is provided by the sum of
squares errors and the gradient can be computed as Jacobian matrix multiplied by the vector of
network errors, see equation (10). Equation (11) shows how the Levenberg-Marquardt algorithms
approximate the Hessian matrix by combining the Gradient Descent and Newton-Raphson
method.

H=]"] 9)
g=]J"e (10)
Xpe1 =X — [JT] +pl]™YTe (11)

Three artificial neural networks are trained in this study to predict different structural responses:
(a) deformation due to self-weight only, (b) deformation due to self-weight and a vertical point

load applied at ¥4 span of the arche, and (c) the ultimate load.
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Abstract: This article presents an investigation of the structural behavior of a masonry arch bridge in Turkey. An analytical study has been
conducted to provide the geometry of the structure, using laser scanning. A point cloud describing the geometry was obtained and properly
transformed into a format that is appropriate for structural analysis software (CAE). Then, nonlinear finite-element models were developed to
simulate structural responses of the bridge. The goal of the article is to highlight the influence of both continuum and discrete approaches
and related constitutive laws on the responses of the bridge. Thus, continuum damage laws and a discrete model consisting of unilateral con-
tact—friction interfaces were developed. Different load cases were tested and a comparison between the results obtained from the different
approaches was considered. The failure mechanisms and the ultimate strengths were derived, and core points of the models were highlighted.
The output of this work shows how the different failure models predict the behavior of the masonry arches. It also shows that the three-hinge
mechanism, which has been depicted in classical studies for single-span arch masonry bridges under a horizontal settlement of supports, may
also be obtained for multiarch bridges. Similarly, downward, vertical settlement of supports may result in the development of two hinges, as
in single-span arches. Finally, the beneficial influence of the backfill in limiting the failure in the arch is addressed. DOI: 10.1061/(ASCE)
BE.1943-5592.0001870. © 2022 American Society of Civil Engineers.
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Introduction

Masonry arch bridges are among the oldest manmade structures,
many of which have survived for thousands of years (Sevim
et al. 2011). They are found in various sizes and configurations
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and their aesthetic details vary significantly (Catalan and Aldea
2007). Masonry arch bridges play a vital role in the cultural her-
itage of several countries, highlighting the need for preservation.
Research conducted by Van Beek (1987) and Campbell and Tut-
ton (2013) in Lower Egypt, Iran, the Eastern Mediterranean re-
gion, and Mesopotamia showed that the earliest masonry arch
structures (about 5,000 years old) were made up of sun-dried
mud bricks.

A thorough understanding of the structural behavior of masonry
arch bridges is of crucial importance, in terms of their restoration
and preservation. Aging and different loads due to earthquakes, set-
tlement of supports, and vehicles have an increased impact on their
structural condition, causing significant damage and/or collapse of
these structures. Hence, their conservation and preservation are of
paramount importance. The process of structural restoration in-
cludes (a) visual assessment of the structure; (b) material testing
by adopting, for instance, nondestructive tests for the constituent
materials; (c) understanding of the original design and the structural
capabilities by developing numerical models; and (d) implementing
the actual restoration of the different elements of the structure after
the previous steps have been considered.

Most of the old masonry arch bridges have sustained some form
of damage over the decades while in service. Some of the common
structural problems that they experience, which can lead to failure
and collapse, are (a) deterioration of the masonry material due to
thermal effects, moisture, or chemical actions; (b) damage of the
arch barrel due to ring-separation, arch barrel distortion, and crack-
ing, which is a result of longitudinal shear or tensile failure (Ford
et al. 2003; Melbourne 1991); (c) failure of the foundation,
which is mainly caused by settlement of supports (Ashurst 1992);
and (d) vehicle collision, which can interact with abutments, arch
barrels, or piers (Melbourne et al. 2006; Wilmers 2012). Note
that some of these defects take place simultaneously.
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In recent years, several studies have been conducted to evaluate
the structural behavior of masonry arch bridges and improve their
ultimate strength. Some of the recognized techniques used in the
assessment of masonry arch bridges include (a) the military engi-
neering experimental establishment (MEXE), a semiempirical
method based on elastic analysis that only considers the indepen-
dent strength of the arch barrel (Hughes and Blackler 1997); (b)
the collapse mechanism method, which uses simple equilibrium
calculations based on the assumption that the collapse of the arch
barrel takes place due to the formation of a four-hinge mechanism
(Hughes et al. 2002; Page 1993); and (c) the finite-element method
(FEM), which relies on the development of a computational, struc-
tural model that considers the influence of each element of the
bridge (arch barrel, spandrel walls, wing walls, fill, and parapets)
(Crisfield 1985; Towler 1985). This method has been widely recog-
nized as an efficient and effective approach that can be adopted for
the structural assessment of old masonry structures (Armesto et al.
2010; Ataei et al. 2016; Conde et al. 2017; Domede et al. 2013;
Lubowiecka et al. 2009; Sevim et al. 2011).

In the structural investigation of masonry arches, it has been noted
that the geometry of the structure plays a vital role on its structural
integrity, and a change of the geometry in respect to the original
one can result in excessive deformation, leading to collapse
(Guastavino and Moreno 2006). Armesto et al. (2010) and Conde
etal. (2017) developed FEMs of masonry arch bridges, using terres-
trial laser scanning technology to obtain the real, exact geometry of
the structure. In particular, Armesto et al. (2010) performed a defor-
mation analysis of the Segura Roman Bridge in Portugal by creating a
three-dimensional (3D) geometry from unstructured point clouds,
collected from six different positions around the bridge. A nonpara-
metric algorithm was also proposed, which generated a smooth 3D
surface based on a local bivariate kernel smoother, allowing for the
estimation of cross sections without the need for any prior parametric
shape. Conde et al. (2017) developed a 3D FEM of the Vilanova ma-
sonry arch bridge in Spain based on a comprehensive field survey that
was conducted by adopting fully nondestructive testing techniques,
such as laser scanning, ground penetration radar, sonic tests, and am-
bient vibration tests. As part of the study, a two-dimensional (2D)
limit state analysis was performed on one of the arches of the bridge
to depict the effect of the live load and to determine the impact of the
four-hinge failure mechanism, which was initially presented in Hey-
man (1982), on the structural response of the arch.

Ataei et al. (2016) conducted a load-capacity assessment on an
80-year-old masonry arch bridge consisting of 10 arch spans.
Finite-element analysis (FEA) and limit analysis models using
the RING software (RING 2021) were developed for the arch of
the main span of the bridge, with a length of 40 m and height of
30 m. Continuum numerical models have been used, allowing for
the estimation of deformations with a high precision (0.01 mm).
The study showed that the bridge can still be in service even
when the axle load is increased from 200 to 250 kN.

Lubowiecka et al. (2009) and Sevim et al. (2011) studied ma-
sonry arch bridges by introducing modal analysis to calibrate the
developed nonlinear FEMs. In particular, Lubowiecka et al.
(2009) observed that the value of the Young’s modulus is vital
for the natural frequencies of the structure, noticing that a similar
observation is derived in Motsa et al. (2020). Sevim et al. (2011)
applied a time-history ground motion acceleration of a 0.515g
on the calibrated FEM, resulting in acceptable stress limits for
the masonry stones, and a maximum displacement of 8.2 mm
developed at the middle region of the span.

Domede et al. (2013) developed a 3D FEM for a three-span
masonry arch bridge. In an effort to reproduce the failure cracks
present on the structure, a settlement of the middle support was
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assigned. On the damaged model of the bridge, an increasing
train load was applied, resulting in a failure load of 25 MN. The re-
sults of the study show that the safety margin between failure load
and service load is quite high.

More recent articles have highlighted significant aspects of the
structural response of masonry arches. Sarhosis et al. (2016) pro-
vided a literature review on experimental investigations and assess-
ment methods for masonry arch bridges. Pulatsu et al. (2019)
developed masonry arch bridge models using a mixed discrete—
continuum approach. The aim of this study was to depict the influ-
ence of the soil backfill and of the spandrel walls on the mechanical
response. Casapulla et al. (2019) and Mousavian and Casapulla
(2020) proposed a digital tool for the design of stable semicircular
masonry arches consisting of interlocking blocks. To increase the
sliding resistance between the blocks compared with conventional
blocks, they introduced interlocking connectors in the analysis.
Zampieri et al. (2015) developed a kinematic analysis process to
address the transverse seismic capacity and provide the limit hori-
zontal load of multispan masonry bridges with slender piers. Génen
and Soydz (2021) investigated different numerical methods, in-
cluding nonlinear static and dynamic FEMS, to evaluate the seis-
mic response of masonry arch bridges.

This paper presents the structural investigation of the Dagarcik
bridge, a masonry arch bridge in Turkey. By using two types of
computational models into a three-span arch bridge, adopting
both a discrete and a continuum mechanical description to study
the development of failure patterns that have been previously de-
rived in single-span arches. These patterns involve the development
of hinges representing cross-section failure, when settlement of
supports, both horizontal and vertical, arise. Since this loading
type can result in the total collapse of masonry arches, the investi-
gation of the phenomenon for multispan arches provides an innova-
tive aspect to the current investigation. The study actually proves
that hinge mechanisms of single-span arches due to settlement of
supports may also arise in multispan arches.

The present work also provides an insight on two types of con-
stitutive descriptions, focusing on both a discrete and continuum
approach. Both concepts have been used in previous and current re-
search on masonry arches. Hence, it appears there is a need for a
holistic investigation of their ultimate mechanical response, using
the two approaches individually as well as in combination. This
study provides details of the parameters used within the two de-
scriptions, and important points are introduced that highlight the
advantages and disadvantages of these approaches.

First, 3D laser scanning is used to represent the geometry of the
bridge, in the form of a point cloud. This is converted into a 3D
solid geometry using AutoCAD. Then, a series of nondestructive
tests are conducted on the masonry stones of the bridge, to provide
their mechanical properties. Finally, a number of nonlinear FEMs
are developed, adopting both discrete and continuum mechanical
laws. The discrete models incorporate unilateral contact—friction
interfaces between the masonry stones. The continuum models in-
clude a smear crack and a damage plasticity law applied on the ma-
sonry arch to represent failure. The soil backfill that is found above
the arches is also introduced in some of the models, and its influ-
ence on the mechanical response of the structure is highlighted.
The developed numerical models are used to evaluate the structural
response of the masonry bridge under various load cases.

Research Aim

The goal of this study was to investigate the structural behavior of a
masonry arch bridge and provide further insight on mechanical
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laws that can be used for the task. The developed numerical models
were applied to the Dagarcik bridge, located in Turkey. The struc-
tural investigation of this historically and architecturally important
monument was conducted by considering a combination of nonde-
structive tests and numerical FEA.

First, a 3D laser scan of the masonry structure is implemented,
where 91,360,850 cloud points are collected from nine scanning po-
sition stations around the bridge. Then, nonlinear FEA takes place,
adopting either a discrete or a continuum approach. With the discrete
approach, unilateral contactfriction interfaces are introduced be-
tween the masonry stones, to simulate the mortar joints. Opening
and/or sliding of those interfaces indicates damage. With the contin-
uum approach, two failure laws initially adopted for concrete are ap-
plied to the arch. Discrete models incorporating the continuum laws
are also developed, to offer a further insight to the mechanical re-
sponse. Opening or sliding of the interfaces and compressive failure
of the arch can be depicted by this combination of discrete and con-
tinuum laws. The mechanical properties of the masonry stones are
obtained from nondestructive tests and the literature.

Figs. 1(a and b) show some of the inherited features of the
bridge under investigation, which have been simulated by the nu-
merical models through the use of the point cloud. The developed
numerical models also simulate further defects, such as the slight
settlement of the supports, which are sometimes difficult to be iden-
tified by a physical inspection. Note that the overall concept pre-
sented in this study, adopting laser scanning of a masonry arch
and structural analysis using various nonlinear FEMs with different
constitutive descriptions, can also be applied for other masonry
structures.

Description of Dagarcik Bridge

The Dagarcik Bridge is located in the Onag River, found within the
boundaries of Dagarcik village, located 22 km southeast of Burdur
city center and 11 km northwest of the Bucak District in Turkey.
There is no inscription on the Dagarcik Bridge indicating the
date of construction or renovation. This masonry arch bridge is
of great historical and architectural importance, since it is believed
that it was built during the Roman era. The bridge has been regis-
tered as “Real Estate Cultural Asset required to be protected” by the
decision of the Antalya Cultural and Natural Assets Protection Re-
gional Board on January 23, 2015 (GDH 2021).

The Dagarcik Bridge consists of three masonry arches.
Details of the geometry of the bridge are found in Fig. 2(a). In
particular, from the downstream views of the structure shown in
Figs. 2(a and b) and the upstream view shown in Fig. 2(c), it is ob-
tained that the first (left) arch has a length of 3.28 m and a height of
2.44 m, and it consists of five stone sequences up to the keystone.
The middle arch has a length of 3.20 m and a height of 2.67 m, and
it consists of six stone sequences up to the keystone. The last arch
has a length 0f 2.93 m and a height 0f 2.54 m, and it consists of five
stone sequences up to the keystone (GDH 2021).

The masonry stones of the arch are made of travertine. Their me-
chanical properties were obtained from experimental investigation
of the material in situ and literature studies presented in GDH
(2021). In this article, due to its poor condition, the mortar between
the stones has not been considered.

Proposed Structural Models

Adopted Constitutive Descriptions

Six nonlinear FEMs have been developed in this study to provide a
holistic insight of the structural response for the considered ma-
sonry arch bridge, emphasizing potential collapse mechanisms.
The first is a discrete model consisting of unilateral contact—friction
interfaces used to simulate potential failure due to opening/sliding
between the stones of the arch. Due to the presence of the contact
laws assigned between the stones, the model is nonlinear. Linear
elastic material properties are also considered for the stones.

The second model uses a continuum smeared cracking constitu-
tive law to simulate compressive and tensile failure of the arch. This
law is appropriate for monotonic loading, at low confining pressures.

An alternative, concrete damage plasticity, continuum constitu-
tive description is considered in a third model. This is appropriate
for the simulation of failure on quasi-brittle materials and may also
be used when cyclic loads are considered. Damage variables are in-
troduced in the material law to capture failure under tension and
compression.

The fourth model uses the discrete approach with the unilateral
contact—friction interfaces, but it is also enriched with the contin-
uum concrete smeared crack model.

The fifth model adopts the discrete approach, enriched by the
damage plasticity model.

Fig. 1. Features of bridge under investigation: (a) view of middle span showing some damage on masonry stones at support; and (b) the keystone of

the third arch. (Images reproduced from GDH 2021.)
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Fig. 2. Details of the geometry of the bridge: (a) schematic representation of the dimensions of the Dagarcik Bridge; (b) 3D point cloud of the
Dagarcik Bridge; and (c) upstream view of the Dagarcik Bridge. [Images (b and c¢) reproduced from GDH 2021.]

Table 1. List of models developed

Model no. Model description

1 Pure discrete

2 Continuum with concrete smeared cracking law

3 Continuum with concrete damage plasticity law

4 Discrete with concrete smeared cracking law

5 Discrete with concrete damage plasticity law

6 Continuum model for the arch and the fill, adopting the Mohr—

Coulomb failure criterion for the fill and the concrete damage
plasticity law for the arch

A final, sixth model is developed, incorporating the backfill, soil
material above the arch, in the analysis. A Mohr-Coulomb failure
law is adopted for the fill. The arch in this case is simulated using
the continuum concrete damage plasticity law.

Note that the discrete models are useful in representing hinged
failure mechanisms, after opening of the interfaces occurs. The
continuum models can depict the type of failure experienced by
the structure, either compressive or tensile. Combining the discrete
and the continuum description in one model may lead to both open-
ing of the interfaces (hinges) and compressive (or tensile) failure of
the material (if any). Table 1 provides a list of the developed
models.

General Description of Model

A FARO Focus3D X130 terrestrial laser scanner was used to create
an accurate 3D model of a point cloud representing the geometry of
the arch bridge. User requirements for the level of detail, the color,
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the selection of the coordinate system of reference and the type of
the 3D product (Maravelakis et al. 2013) were defined during the
initial planning of the project. The produced point cloud was
then processed in AutoCAD, and a total of 200 individual building
blocks of the arch bridge were manually extracted using selected
points and profiles from the point cloud.

The geometry created was exported as a STEP file and was im-
ported on Abaqus 6.12-3 (Hibbitt et al. 2012) for the creation of the
FEMs. To simulate the different loading cases that the bridge may
experience, both fixed supports and settlement of supports have
been considered as the boundary conditions at the bottom side of
the structure.

The developed models consist of 58,320 3D finite elements used
to simulate the three arches [Fig. 3(a)]. Fig. 3(b) provides a closer
view of the mesh density. The finite elements are eight-node solid
elements (hexahedrons), with three displacement degrees of free-
dom at each node. In Figs. 3(c and d), the mesh of the structure
is provided when the backfill soil material above the arch is in-
cluded in the simulation.

Hinge Mechanism

The classical collapse mechanism of arch bridges, which was pre-
sented in Heyman (1982), has been adopted for the determination
of the load-carrying capacity of stone arch bridges in previous stud-
ies, for instance in (Drosopoulos et al. 2008). This technique uses
the funicular polygon as the fundamental tool of analyzing arches
and is based on the estimation of the thrust line carrying the load
on the arches. For a rectangular section of stones (voussoirs), the
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Fig. 3. Mesh of the used FEMs: (a) full view of bridge with masonry stones only; (b) closer view of bridge with masonry stones only; (c) full view of
bridge with masonry stones and backfill; and (d) closer view of bridge with masonry stones and backfill.

thrust line lies within the middle third “core” of the section
(Heyman 1982).

A hinge is formed when the thrust line in a cross section is adja-
cent to the ring of the arch, at an eccentricity e of the normal force P,
from the center line of the arch. The resultant bending moment M is
equal to Pe and is developed around the center line of the arch, as-
suming the arch is unreinforced and, therefore, does not develop any
tensile strength. A single-span arch with two fixed supports has a de-
terminacy degree of three. When three hinges are developed, the
structure becomes statically determinate. Then, the development of
a fourth hinge will turn the structure into a mechanism, leading to
collapse. This collapse mechanism is common in unreinforced ma-
sonry arch bridges, with a vertical load acting at one-quarter of the
span of the arch. According to Heyman (1982), this is the worst
load position, resulting in the lowest resistance.

In the present study, a vertical load is applied at one-quarter of
one of the spans of the bridge, acting together with the self-weight
of the structure. According to Heyman (1982), compressive failure
is not usually expected since the developed compressive stresses
are generally low. However, the continuum laws that have been
used can also capture this failure type.

Another outcome of the classical studies presented in Heyman
(1982) is the description of the structural response of arches
when settlement of supports takes place. These studies mentioned
that if the abutments spread for a reason, “the arch could accommo-
date itself to the increased span by forming three hinges, one at the
crown in the extrados, and one at each abutment in the intrados.”
The same studies also claimed that if the abutments are too
close, “three hinges have again been formed to accommodate the
decreased span, one at the crown in the intrados and one at each
abutment in the extrados.” In Drosopoulos et al. (2008), these con-
clusions were verified using nonlinear FEMs, in single-span, 2D
arches. One of the aims of the present study is to highlight the va-
lidity of these conclusions for multispan arches.
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Ultimate Behavior and Collapse Prediction within FEA

In the framework of FEA for masonry arch bridges, the ultimate
strength of the bridge is defined as the point preceding collapse
of the structure. When the structure is close to reaching its ultimate
strength, the analysis becomes unstable due to the introduction of at
least one zero eigenvalue on the tangential stiffness matrix. When
the ultimate strength of the structure is finally reached, the analysis
is terminated.

In the framework of FEA, the force—displacement diagram ob-
tained at the end of the simulation is used to determine when the
structure is close to collapse, as depicted by the end of the graph.

Material Properties Using the Concrete Smeared Crack
and Damage Plasticity Model

A smeared crack concrete damage model and a concrete damage
plasticity model are adopted in the study to consider the compres-
sive and tensile failure of the masonry arch. The smeared crack
model allows for the simulation of brittle materials, such as con-
crete and masonry, by incorporating the uniaxial tensile and com-
pression behavior. According to this model, cracking is assumed
to occur when the stress reaches a critical failure surface, provided
by the relationship between the equivalent pressure stress and the
Mises equivalent deviatoric stress.

In the framework of this model, no individual macrocracks are
developed. In addition, the compressive response of the material is
modeled by an elastoplastic theory. The post-failure behavior of the
damaged material is modeled using a tension stiffening law and the
corresponding stress—displacement diagram.

The second continuum approach introduces the concrete dam-
age plasticity law. This is appropriate for quasi-brittle structures,
for instance masonry and concrete, subjected to monotonic or cy-
clic actions. The main two failure mechanisms that can be depicted
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Table 2. Concrete smeared cracking law parameters for the stones used in
the arch bridge

Table 4. Compression behavior parameters for the concrete damage
plasticity model for the stones used in the arch bridge

Ratio of uniaxial Ratio of biaxial to

&c0 (strain at

Yield tension to uniaxial Yield maximum eccu ecpl (final
stress Compressive compression failure  compression failure stress Compressive compressive (maximum plastic
(MPa) stress (MPa) stress stress (MPa)  strength (MPa) strength) strain) strain)
28 70 0.1 1.16 28 70 0.00887199 0.01774398  0.00177440

Table 3. Concrete damage plasticity model parameters for the stones used
in the arch bridge

Table 5. Tension behavior parameters concrete damage plasticity model
for the stones used in the arch bridge

Ratio of second
stress invariant

Ratio of biaxial of the tensile

Flow to uniaxial meridian to the
Dilation potential compression compression Viscosity
angle eccentricity  failure stress meridian parameter
35 0.1 1.16 0.67 0

by this law are tensile cracking and compressive crushing. During
unloading, the elastic stiffness of the material is considered dam-
aged. This is depicted using two damage variables, one for tension
and another for compression, both introduced in the model as func-
tions of the plastic strains. These damage variables take values from
zero, representing the undamaged material, to one, depicting total
loss of strength of the material. If the initial elastic stiffness of
the material is £y, and d, and d, are the tensile and compressive
damage variables, respectively, then the stress—strain relations
under uniaxial tension and compression loading are provided by

o,=(1- d/)EO(gl - 5;1) )]

0o = (1= d)Eg(e = ¢5,) @

Tables 2-6 and Figs. 4 and 5 provide all the material parameters
used in these two constitutive descriptions. In addition, for all ma-
terial laws, Young’s modulus, Poisson’s ratio, and the density val-
ues given in Table 6 are adopted. These correspond to the building
material used to make the arch bridge, which is travertine (Erdogan
2011; GDH 2021). The compressive strength of the travertine stone
is 70 MPa and the tensile strength is approximately 10% of the
compressive strength, 7 MPa. This is mentioned in 7S EN
1996-1-1+A1 Eurocode 6, which is one of the codes to design
arch bridges (CEN 2005; GDH 2021).

For the models that incorporate the backfill soil material found
above the arch, a Mohr—Coulomb failure law is used to simulate
damage on the fill. Table 7 lists the adopted parameters for this law.

Discrete Model for Arches

To simulate the contact conditions between each stone, principles
taken from contact mechanics have been adopted. For a discrete
structure, these relations are written for every point of a unilateral
boundary or interface:

h=u-g<0=>h<0 3)
-"=0 ()
"u—g)=0 %)

where u = single degree of freedom; and g = initial opening be-
tween the contacting bodies. The behavior in the tangential direc-
tion between the stone interfaces is defined by a static version of
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Yield stress ter (strain at the tensile yield etpl (final plastic
(MPa) stress) strain)
7 0.00044360 0.00443599

Table 6. Mechanical properties for the stones used in the arch bridge

Young’s modulus Density Poisson’s
Material E (GPa) (kg/m®) ratio
Travertine 15.780 2300 0.3

Source: Data from GDH (2021).

Table 7. Mechanical properties for fill used in the arch bridge

Angle of
Young’s internal Dilation
modulus, Poisson’s  Density friction Cohesion angle
E (GPa) ratio (kg/m3 ) (degrees) (KPa) (degrees)
0.3 0.3 2000 37 10 24

Source: Data from GDH (2021).

the Coulomb friction model. Two contacting surfaces start sliding
when the shear stress in the interface reaches a critical value
equal to:

=1, ==2pul"| 6)

where # and 7" = shear stress and the contact pressure at a given point
of the contacting surfaces, respectively; and y = friction coefficient.
There are two possible directions of sliding along an interface, so ¢
can be positive or negative, depending on that direction. Further-
more, there is no sliding if || <ul|f’| (stick conditions). The sliding
rule can be summarized by the following relations:

|| < ult"| = u, =0 (no sliding) (7a)

1" = plt"| — u, > 0 (sliding in one direction) (7b)

' = —u|t"| — u, < O(sliding in the opposite direction)  (7c)

where u, = displacement (sliding) in the tangential direction of
an interface.

The Lagrange multiplier method is used to incorporate in the
equilibrium equations, the unilateral contact—friction equations.
Moreover, a friction coefficient equal to 0.5 is adopted in this
study (Melbourne and Gilbert 1995). For the continuum models,
a tie-constraint condition is considered for the interfaces between
the masonry stones. This prevents sliding and opening at the inter-
faces, in all directions.
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Fig. 4. Material response adopted within the concrete damage plasticity model: (a) compressive stress—inelastic strain; (b) compressive damage
variable-inelastic strain; (c) tensile stress—inelastic strain; and (d) tensile damage variable-inelastic strain according to Lubliner et al. (1989) and

Hognestad (1951).
80 Table 8. List of load cases considered in the study
70 Load case
60 no. Load case description
E 50 (a) Vertical load applied at about one-quarter of the middle span
= 20 of the bridge.
2 (b) Horizontal, outward displacement of 100 mm in the plane of
530 the bridge, on both outer supports.
20 (c) Horizontal inward displacement of 100 mm in the plane of
10 the bridge on both outer supports.
(d) 100-mm horizontal displacement of the two internal
0 supports in the direction of the water flow, perpendicular to
0.00% 1.00% 2.00% 3.00% 4.00% 5.00% the plane of the bridge.

Strain(%)

Fig. 5. Stress—displacement law adopted for the smeared cracking
model according to Belarbi and Hsu (1994) and Lubliner et al. (1989).

Results and Discussions

Load Cases

In the present study, the structural behavior of a masonry arch
bridge is investigated using different load types and adopting dif-
ferent numerical models to predict the structural response.

The different load types that are implemented are based on crit-
ical load cases that the bridge is likely to experience in situ. These
load cases include loads applied as forces and displacements in the
plane, as well as in the out-of-plane direction of the bridge, in dif-
ferent positions. In particular, the following load cases are consid-
ered: (a) a vertical load applied at about one-quarter of the middle
span of the bridge, to determine the ultimate strength; (b) a horizon-
tal, outward displacement of 100 mm in the plane of the bridge, on
both outer supports, representing settlement of supports; (c) a
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(e) Vertical load applied at about one-quarter span of the middle
span of the bridge with 20-mm displacement of the two
internal supports in the direction of the water flow
perpendicular to the plane of the bridge.

(6] 100-mm downward displacement of the two internal
supports.
(g) Vertical load applied at about one-quarter span of the middle

span of the bridge with 20-mm downward displacement of
the two internal supports.

(h) Incorporation of backfill; horizontal, outward displacement
of 100 mm in the plane of the bridge, on both outer supports.

6] Incorporation of backfill; horizontal inward displacement of
100 mm in the plane of the bridge on both outer supports.

[0)] Incorporation of backfill; 100-mm horizontal displacement

of the two internal supports in the direction of the water flow,
perpendicular to the plane of the bridge.

(k) Incorporation of backfill; vertical load applied at about
one-quarter of the middle span of the bridge.

horizontal inward displacement of 100 mm in the plane of the
bridge on both supports; (d) 100 mm horizontal displacement of
the two internal supports in the direction of the water flow, perpen-
dicular to the plane of the bridge; (e) a vertical load applied at about
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one-quarter span of the middle span of the bridge with 20 mm dis-
placement of the two internal supports in the direction of the water
flow perpendicular to the plane of the bridge; (f) 100 mm vertical
displacement of the two internal supports in the downward direc-
tion; and (g) a vertical load applied at about one-quarter span of
the middle span of the bridge with 20 mm vertical displacement
of the two internal supports in the downward direction. The first
four load cases are also considered for the model with backfill
above the arch. Note that the vertical load is equally distributed
into five points along the width of the bridge, to minimize the ef-
fects of localized failure. Table 8 lists all load cases.

In the developed numerical models, two steps are considered.
The first is a dynamic implicit analysis step, in a quasistatic frame-
work that introduces a gravity load (self-weight of the structure) of
9.81 m/s>. When a general static analysis was considered in the first
step, numerical singularities did not allow the model to reach

U, Magnitude

1377e-02
+1.239e-02
+1.102e-02
+9.64

(a)

U, Magnitude

(b)

convergence, due to the extensive number of unilateral contact—
friction interfaces that are used to simulate the contact conditions
between each stone. This numerical instability was attributed to
multiple micro openings/closures between stone interfaces, result-
ing in unstable stiffness matrices. To overcome this problem, a dy-
namic implicit analysis in a quasistatic framework was used. This
introduced the mass stiffness in the equilibrium equations, resulting
in a more stable stiffness matrix. Then, a second step is applied,
with the particular loading already described.

Discrete Models with and without Concrete Plasticity
Laws

This section presents results of the three discrete models with the
linear elastic, smeared cracking, and damage plasticity constitutive
description for the different load cases. Within the first load case, a

Fig. 6. Displacement (m) due to a vertical load obtained from the pure discrete model: (a) at an intermediate load step (Scale factor 10); and (b) at the

final load step (Scale factor 5).
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U, Magnitude

Fig. 7. Displacement (m) due to a vertical load obtained from the discrete model with the concrete damage plasticity law at the final load step (Scale

factor 10).

U, Magnitude

+8.513e-03
+0.000e+00

Fig. 8. Displacement (m) for outward horizontal settlements of the two outer supports (Scale factor 3) for the pure discrete model.

vertical load is applied at about one-quarter of the middle span, to
determine the ultimate strength of the structure. Results indicate
that a local sliding of the stones near the point of application of
the vertical force is obtained from the three discrete models. In ad-
dition, although the four-hinge mechanism does not clearly appear,
two more hinges arise to the left and right of the point force (extra-
dos opening). The fourth hinge, which would normally appear
close to the left support of the loaded arch in the classical four-
hinge mechanism, only slightly emerges in the present models,
but cannot be depicted in the image.

This is shown for the pure discrete model in Figs. 6(a and b),
where a scale factor has been used to magnify the obtained dis-
placements and better highlight the hinges. A similar result is ob-
tained from the discrete models that use the plasticity laws, as
depicted in Fig. 7, noting that for these models a local failure of
the material near the point of application of the vertical load also
arises.

These figures show that the pure discrete model results in higher
displacements [Fig. 6(b)], compared with the ones that use plastic-
ity laws (Fig. 7). This observation, highlighting a more brittle
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behavior due to usage of the plasticity laws, is also derived for
the majority of the presented results.

Next, horizontal, outward, in-plane settlements of the supports
of the outer arches have been applied to the three discrete models.
Fig. 8 shows the plot of the final displacements for outward settle-
ment of 100 mm in both outer supports, which could arise due to
erosion of the riverbed and riverbank, and the soil in the vicinity
of the supports. This figure clearly shows that the three-hinge
mechanism described in the classical studies of Heyman (1982)
for similar settlement of supports also arises here for the three-span
arch. In particular, similar to Heyman (1982), one hinge appears at
the crown at the extrados of the arches (opening at the intrados) and
one at each support in the intrados (opening at the extrados). For the
right outer arch, a sliding instead of an opening arises at the posi-
tion where the right hinge would appear. Note that the same mech-
anism appears for the three discrete models, without any material
failure (except the hinges).

Fig. 9 shows the plot of the final displacements of the structure
when an inward movement of 100 mm is considered for the outer
supports. According to this figure, sliding arises in this case at
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Fig. 9. Displacement (m) for inward horizontal settlements of the two outer supports (Scale factor 3) for the discrete model with the concrete damage

plasticity law.
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Fig. 10. Displacements (m) for out of plane settlements of the two inner supports (Scale factor 5) for the discrete model.

the two supports of the bridge. Thus, contrary to the case of out-
ward settlement of supports, where a three-hinge mechanism ap-
peared, for inward settlement the mechanism changes to sliding
failure. For the discrete models with the plasticity laws, no failure
on the material arises.

Fig. 10 shows the plot of the final displacements of the bridge
when an out-of-plane settlement of 100 mm occurs on the two in-
ternal supports in the direction of the water flow. Since the outer
supports are fixed, the structure develops an out-of-plane bending
response, resulting in the opening of hinges at the two outer arches
(Fig. 10). These hinges develop at the top of the two outer arches as
well as at the supports of the right arch. The middle arch does not
develop any particular damage.

An additional analysis has been conducted, combining the out
of plane settlement of the inner supports and the vertical point
force at one-quarter of the span of the middle arch. Results in
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this case resemble the ones presented in Figs. 6 and 7, and thus
they mainly involve the hinge opening at the middle arch, where
the vertical load is applied.

The plot of the maximum principal stresses is provided in
Fig. 11, when a downward settlement of 100 mm of the two inter-
nal supports is considered. According to this figure, two hinges
open in the outer arches, one closer to each inner support (opening
intrados) and another closer to the outer support (opening
extrados). It is also noted that the position of the hinge closer to
the inner support is different in the two outer arches. A similar
hinge-mechanism for downward settlement of supports is derived
in Drosopoulos et al. (2008) for 2D, single-arch bridges.

The plot of the maximum principal stresses is shown in Fig. 12,
for a final load case of a vertical load equal to 100 kN applied at
about one-quarter of the span of the middle span of the bridge to-
gether with a 20 mm downward movement of the two internal
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Fig. 11. Principal stresses (Pa) for downward settlements of the two inner supports (Scale factor 5) for the discrete model.

S, Max. Principal
(Avg: 75%)

+1.883e+06
+1.649e+06
+1.416e+06

-

-2.212e+05

Fig. 12. Principal stresses (Pa) for downward settlements of the two inner supports (Scale factor 5) accompanied by a vertical force at the middle arch,

for the discrete model.

supports. Contrary to the case of downward settlement of support
without any vertical load shown in Fig. 11, the two hinges are
not developed in the outer arches. Instead, only one hinge is devel-
oped in the outer left arch, while no hinge appears in the outer right
arch, as depicted in Fig. 12. Hinges arise in the middle arch due to
the vertical point force.

Continuum Models

This section shows the failure of the bridge by using the plastic
strain distribution, arising when different load cases are applied.
Within the continuum models, no opening or sliding between the
masonry bricks can be depicted. Instead, material failure may be
derived due to compressive or tensile response.

Within the first load case, a downward vertical force is applied
to one-quarter of the span of the middle arch. The model with the
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smeared cracking constitutive description did not provide any fail-
ure mechanism, except local failure near the points of applications
of the load. Conversely, the model with the concrete damage plas-
ticity law resulted in the failure response shown in Fig. 13. Thus,
failure appears in four regions of the arch. It is noted that the
same mechanism arises in single-span arches, according to classical
studies (Heyman 1982).

For the outward displacement of the two outer supports, the sim-
ulation with the smeared cracking continuum model terminated
early, due to convergence issues, arising from the brittle response
that is depicted in this constitutive law. Conversely, the concrete
damage plasticity model provided a much-improved convergence
response, allowing for the representation of damage. The three-
hinge mechanism, which is derived in the classical studies of Hey-
man (1982) and is also obtained from the discrete models of the
previous section, appears in this case too, as shown in Fig. 14.
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Fig. 13. Plastic strain distribution developed in the concrete damage plasticity continuum model, for a vertical load applied at the one-quarter span of

the middle arch.
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Fig. 14. Plastic strain distribution developed in the concrete damage plasticity continuum model, for outward horizontal settlement of the two outer

supports.

According to this figure, the hinge at the crown is in the same posi-
tion as the one derived from the discrete model in Fig. 8. However,
the two remaining hinges at the supports appear lower (toward the
ground), compared with the discrete models shown in Fig. 8.

When an inward settlement of the outer supports by 100 mm is
applied on the continuum smeared cracking model, analysis termi-
nates early due to convergence issues, and no plastic strain arises.
On the contrary, the simulation with the concrete damage plasticity
model proceeds and allows the representation of a three-hinge
mechanism, as shown in Fig. 15. Note that the discrete approach
presented in the previous section resulted in sliding failure mode
at the supports.

For an out-of-plane settlement of the two internal supports of the
bridge, tensile failure takes place at the outer arches, as shown in
Fig. 16 for the continuum damage plasticity model. This is attrib-
uted to the out-of-plane bending response of the structure. Failure
in this case is mainly developed at the top of these arches as well
as at the supports. A similar failure mode is obtained from the dis-
crete model shown in Fig. 10. For the same load case, a limited
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compressive failure also appears in the opposite face of the struc-
ture, as shown in Fig. 17.

When an out-of-plane settlement of 20 mm on the two internal
supports of the bridge is combined with a vertical load of 100 kN ap-
plied at one-quarter of the span of the middle arch, plastic strain is
experienced on the outer side of the middle supports. Note that a sim-
ilar failure behavior was obtained (Fig. 16) for the case out-of-plane
settlement of the inner supports (without vertical point load), indicat-
ing that the out-of-plane movement is the critical loading.

For a downward settlement of the two internal supports, the
plastic strain distribution shown in Fig. 18 is obtained from the con-
crete damage plasticity model. As depicted in the figure, for each
outer arch, two hinges are developed, one close to the internal sup-
port and another close to the external one. A similar hinge-pattern is
also derived in Drosopoulos et al. (2008). Moreover, the discrete
model’s response given in Fig. 11 results in a similar hinge-
mechanism, but the position of the hinge in the proximity of the in-
ternal support of the left outer arch is different compared with the
corresponding hinge shown in Fig. 18.
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Fig. 15. Plastic strain distribution developed in the concrete damage plasticity continuum model, for inward horizontal settlement of the two outer
supports.
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Fig. 16. Plastic strain distribution highlighting tensile damage developed in the concrete damage plasticity continuum model, for out-of-plane
settlement of the two inner supports.
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Fig. 17. Plastic strain distribution highlighting compressive damage developed in the concrete damage plasticity continuum model, for out-of-plane
settlement of the two inner supports.
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Fig. 18. Plastic strain distribution developed in the concrete damage plasticity continuum model, for downward settlement of the two inner supports.
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Fig. 19. Plastic strain distribution developed in the concrete damage plasticity continuum model with the backfill, for outward horizontal settlement

of the two outer supports.

For a final load case, a vertical load of 100 kN is applied at about
one-quarter of the span of the middle span of the bridge, together
with a 20-mm downward movement of the two internal supports.
Results indicate a similar failure pattern with the one depicted in
Fig. 18, where downward settlement of the middle supports is con-
sidered, without any vertical load.

Influence of Backfill on Structural Response

The presence of soil backfill above the arch provides a better load
distribution through the body of the backfill toward the arch,
which is the main structural component. It also increases the com-
pression above the arch. To highlight the influence of the backfill
material on the overall response, a new model is developed, where
backfill is simulated using 3D finite elements [Figs. 3(c and d)].
For the arch, the continuum concrete damage plasticity law has
been considered. The goal of this investigation is to discuss the
influence of the backfill on the response by conducting a compar-
ison with the corresponding results when no backfill was
considered.
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Four load cases have been implemented in this case, namely the
horizontal, outward, and inward settlement of the outer supports,
the out-of-plane settlement of the middle supports, and the vertical
downward force.

Fig. 19 shows the plastic strain distribution for outward settle-
ment of the outer supports. It is clear that a quite significant failure
on the backfill is observed, which is attributed to the low-quality
material properties that have been assigned to it. However, note
that concerning the response of the arch, although some failure is
developed, this is limited compared with the results obtained
from the same load case without the backfill (Fig. 14). In particular,
three hinges were developed in the outer arches: one in the crown
and two in the supports. According to Fig. 19, the hinges close to
the internal support of each outer arch are not developed. In addi-
tion, in the left arch, the top hinge is not developed exactly in the
middle of the span but toward the left side. Both comments indicate
a change in the hinge-mechanism of the arch compared with the
analysis without the backfill.

For the case of inward settlement of the two outer supports,
Fig. 20 indicates that three hinges arise in the arch. Their position
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Fig. 20. Plastic strain distribution developed in the concrete damage plasticity continuum model with the backfill, for inward horizontal settlement of

the two outer supports.
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Fig. 21. Plastic strain distribution developed in the concrete damage plasticity continuum model with the backfill, for a vertical downward force
applied on the backfill, in the position of one-quarter span of the middle arch.

is the same with the position of the hinges in the model without the
backfill (Fig. 15), however their distribution in the arch is limited,
compared with Fig. 15.

The load case with the out-of-plane settlement of the two inner
supports results in a similar plastic strain distribution in the body of
the arch, compared with the one received from the model without
the backfill (Figs. 16 and 17).

For the last load case, where a vertical downward force is ap-
plied on the backfill, in a position near one-quarter of the middle
span, the plastic strain distribution shown in Fig. 21 arises. Accord-
ing to this figure, failure on the arch is mainly developed near the
point of the load application. Conversely, when the backfill was not
considered (Fig. 13), failure on the arch developed in four points,
resembling the traditional, four-hinge mechanism.

Force-Displacement Diagrams

Within FEA, force—displacement diagrams can be used to
determine the point of failure of a structure. Fig. 22 shows the
force—displacement diagrams obtained from the different numerical
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models, which were subject to a vertical load and to a combination
of vertical load plus settlement of supports. Note that the contin-
uum models lead to a stiffer response for (pure) vertical loading,
compared with the discrete models.

In addition, the hinge formation mechanism is the most likely
cause of failure compared with material failure in compression,
since compressive failure was observed only in one case (limited
compressive failure for out-of-plane settlement of support;
Fig. 17). The numerical models with out-of-plane settlement of
supports and with vertical settlement of internal supports combined
with a vertical load are highly unstable. For these load cases, the
smeared cracking models resulted in a very low ultimate load, com-
pared with the discrete models. This is due to the brittle response of
the smeared cracking law when tensile failure arises. Conversely,
the discrete model allows for activation (opening—sliding) of the in-
terfaces, which then leads to redistribution of forces until a collapse
mechanism arises, resulting in a higher ultimate load compared
with the continuum model.

The concrete damage plasticity models provided the capacity to
properly describe the quasistatic response of masonry arches. For
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Fig. 22. Force—displacement diagrams for the discrete and the continuum models assigned a vertical downward load.

the same initial load considered in the previous simulations, this * The critical failure pattern obtained from the discrete models is
constitutive description leads to a stiff response. For a significantly the formation of hinge-mechanisms, which can be developed
higher initial load,.the force—di_splacement grap_h becomes nonlin- both in plane and out of plane, for corresponding loads. It is ob-
car, and the four-hinge mechanism shown in Fig. 13 arises. served that the three hinge-mechanisms obtained in published

research for horizontal, outward, and inward settlement of
supports of single-arch bridges also arises from the discrete

Conclusions and Further Recommendations approach, adopted in this article for multispan arches. Similarly,
when a vertical, downward settlement of the supports takes
This study used nonlinear FEMs to investigate the structural behav- place, two hinges are developed in the affected arches. The
ior of a masonry arch bridge. Various loading cases which can be same conclusion has been derived in past studies for single-span
experienced by the structure were considered, including settlement arches. A four-hinge failure mechanism arises for a vertical load
of supports. This type of loading may appear due to erosion and at the middle arch.
heavy water flow. The numerical models used for the structural ¢ The numerical models that compute the out-of-plane loads are
analysis were developed based on in situ survey of the existing ge- computationally expensive and highly unstable; hence, the cor-
ometry. The 3D geometry used for the investigation was obtained responding  simulations terminate before the full load is
on AutoCAD, using a cloud of points of the bridge collected by re- assigned.
searchers in Turkey. A terrestrial laser scanner was used to obtain * The contribution of the backfill soil material, which is found above
these points. The geometry was then imported in Abaqus, which is the arch, may significantly influence the structural response. It is
a commercial finite-element package. shown in this study that the presence of backfill may alter the fail-

Two modeling approaches were considered: adopting a discrete ure pattern in the arch, leading to limited damage.
and a continuum constitutive description. According to the first ap- ¢ The difference in the mechanical response, which is derived
proach, unilateral frictional contact interfaces were used to simulate from discrete and continuum laws, is highlighted in the article.
the real contact conditions between the stones. Within the second The discrete approach allows for the formation of hinges and
approach, continuum constitutive descriptions were used, relying sliding failure modes, resulting in a more flexible approximation
on a smeared cracking formulation and on a concrete damage plas- of the structural response. Conversely, the continuum approach
ticity law. The developed models were strongly nonlinear due to leads to a stiffer response. In addition, the discrete approach may
the presence of the interfaces and of the nonlinear material descrip- lead to numerical instabilities and increased computational cost
tion. The Newton—Raphson incremental—iterative process was used due to the presence of multiple unilateral contact—friction
to solve the numerical problem. interfaces.

From the different FEMs presented in this study, different fail- ¢ The continuum approach results in easy modeling. Tensile plas-
ure modes of the masonry arch were observed for the various load tic strain distribution is the dominant failure pattern depicted by
cases. this approach. Numerical instabilities may arise when point

The following conclusions can be drawn from this study: forces are considered, due to local failure near the points of
© ASCE 04022053-16 J. Bridge Eng.
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the load application. From the two continuum constitutive de-
scriptions, the smeared cracking law results in convergence dif-
ficulties attributed to the brittle nature of this description. The
concrete damage plasticity law, making use of damage vari-
ables, better describes the quasi-brittle response of the masonry
arch. The failure patterns that are obtained from the continuum
concrete damage plasticity law are similar to the ones derived
from the discrete approach and the results found in published
research.

Future research may include the investigation of the influence of
the spandrel walls on the mechanical response of masonry arch
bridges. Finally, the incorporation of other advanced numerical
tools in the study of arches, such as the cohesive zone modeling ap-
proach, is also left for future investigation.
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Chapter 5 — Modelling, identification and structural damage

investigation of the Neoria monument in Chania

In this section, the identification and evaluation of the structural damage of the Neoria monument
in Chania is investigated and the findings are published in Developments in the Built Environment,
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The structural behavior of Neoria masonry monument is studied here. The determination of structural and
material properties of a partially collapsed monument and the evaluation of existing damages and their
importance for further restoration studies are not trivial tasks. The investigation has been based on detailed
geometric data, collected from sources and in-situ measurements. For the mechanical analysis, finite element
models have been created with different level of detail, including simplified description of documented damages.
Modal analysis is assisted by micro-tremor measurements. Comparison of the predictions with the experimentally

measured quantities, allows the determination of material parameters with higher accuracy. A least square
technique assisted by the modal assurance criterion has been used, by driving the model from a Python script. A
comparison of collapse predictions based on modified pushover analysis, with classical modal analysis has been
performed. An explanation of existing damages is attempted, based on the numerical models.

1. Introduction

Masonry arches are among the oldest structural systems in the world.
The technique of building masonry arches was first seen in the 2nd
millennium BC in Mesopotamian brick architecture (Anastasio, 2020).
Arches develop their strength by transferring the applied load into
compressive forces, in a thrust line along adjacent masonry blocks
(Chilton and Isler, 2020). When the thrust line is found out of the section
of the masonry blocks, opening of the interfaces between the blocks
takes place which can result in a hinge collapse mechanism (Heyman,
1982). Furthermore, compressive failure is unlikely on masonry arch
structures. Masonry structures in general have a peculiar mechanical
behavior due to their no-tension material characteristics. Form of the
structure and mechanics are working together, in order all parts are
mainly in compression. This can be changed from settlement movement
or earthquake loadings so activation of interfaces, damages and even-
tually partial or total collapse are presented. Detailed structural analysis

including unilateral interfaces and cracks is, in principle, possible
(Leftheris et al., 2006).

Several research efforts have been presented in the last years,
focusing on the investigation of the structural response of masonry
arches. Different techniques have been developed, ranging from a quick
estimation of the ultimate strength to a more refined or exact evaluation
of the mechanical response. In more sophisticated numerical models,
details of damage like cracks can be observed. In (Motsa et al., 2020), a
finite element model with unilateral interfaces is developed to predict
failure in Mnajdra megalithic monument. In (Drosopoulos et al., 2008),
unilateral contact-friction laws were used to simulate potential failure of
astone arch bridge due to various loads including settlement of supports
and concentrated live load. A multi-scale model has been proposed in
(Drosopoulos and Stavroulakis, 2018) adopting the extended finite
element method to capture arbitrarily oriented cracks and localization
phenomena in masonry structures. More efforts on numerical modelling
of masonry structures using the finite element method can be found in
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Fig. 1. The Neoria monument (Providakis, 2021).

(Betti et al., 2016; Conde et al., 2016; Stavroulaki et al., 2018).

In the present paper, the structural analysis investigation of the
Neoria masonry vaulted structure at the Venetian harbor of Chania is
presented (Fig. 1). Data related to the structure, the material, the
damages and the foundation have been collected during a recent
research project (Providakis, 2021). The accurate representation of the
geometry of the vaults and the spandrels is necessary in order to model
the existing condition including permanent deformations, loose mate-
rial, cracks (Stavroulaki et al., 2016). This is important for the estima-
tion of the structural strength and dynamic behavior considering the
three dimensional, effects of the vaults and the stabilization role of the
spandrels (Stavroulaki and Tsinarakis, 2011).

Two different approaches are reported here for the explanation of
existing cracks and damages in the Neoria structure. First a classical
modal analysis procedure is followed and the areas of higher deforma-
tion in the structure are correlated with damage patterns. Furthermore,
two- and three-dimensional models with unilateral interfaces are used in
a push-over like analysis, to investigate collapse modes and loads.
Eigenmodal results are compared to measured data (Providakis, 2021).
The procedure has been supported by Python-driven modelling and
optimization. Finally, an initial effort is presented, towards the investi-
gation of damage using a three-dimensional non-linear Extended Finite
Element Method (XFEM) model. The results indicate the difficulty of this
inverse analysis task, in view of the many uncertainties of monuments
and must be evaluated carefully, since pushover analysis has been
developed mainly for ductile frame structures, while unreinforced ma-
sonry has limited, practically zero ductility.

2. Modelling and linear analysis of the structure
2.1. Description of the structure

The Neoria are shipyards built in the 16th century for the repair of
the venetian fleet. The front (north) facade was originally open for the
entry of the ships. The southern walls were constructed and connected to
the lateral walls up until the base of the vaults. Neoria reached about 50
m in length and 9 m of width for each shipyard. The construction of the
Neoria is of cut stones up until a height of about 2.5 m and rubblework
for the rest of the mass of the walls and the vaults. It is assumed that a
destructive earthquake in the 19th century caused serious damages to
the structure. The parts of the walls that collapsed, mainly in the
southern fagade, were filled with smaller rocks. The buttresses were
constructed during that period. The walls of the north fagade were built
in the early 20th century. During the World War II, two vaults were
partly destroyed. Last interventions are mainly related to the repair of

the two damaged vaults and the application of waterproofing materials
(Skoutelis et al., 2021).

2.2, Geometric modelling

Existing drawings have been updated and enriched thorough new
measurements (Providakis, 2021). This resulted to a fully
three-dimensional model with adequate details able to support struc-
tural analysis (Fig. 2 (a) — (e)). Specific areas with different material
properties, as shown in Fig. 2(a)-(e), were assumed.

About the material properties, the masonry walls and the vaults have
been investigated by using various destructive and non-destructive
testing techniques. Additional literature investigation provided us
with values for the same or similar monuments in the area (see Table 1).

Rigid constraints have been assumed for the foundation. Foundation
settlements have not been observed or reported, apart from possible
local influence at the vicinity of newly constructed saw-water in-
stallations near the north-west corner of the monument. In addition, the
walls of south and north part are based on the soil at the level of the
ground. They have been added to the structure after the construction of
the vaults and they are no bearing structural elements. Nevertheless
during earthquake loading or eventually settlement of supports, they
cooperate with the other parts of the structure, acting in some sense like
infills. In addition, the bearing parts of the structure that are based on a
lower level are also fixed and supported due to the surrounding soil.
Therefore this simplified assumption related to the foundation of the
walls does not influence the results, at list for the preliminary investi-
gation reported here. Soil-structure interaction will be considered in
more details later for detailed analysis.

2.3. Finite element static and modal analysis

Various finite element models have been created. A typical model
has 117308 number of nodes and 67766 number of three-dimensional
hexahedral elements. Indicative static analysis results are shown in
Fig. 3.

Some of the calculated eigenvalues and eigenmodes of the Neoria
structure are shown in Fig. 4 (a) — (f).

The eigenmodal participation factors are shown in Fig. 5 (a,b) in the
two directions of the structure. From the modal analysis it turns out that
there are frequencies where the vaults develop oscillation in the longi-
tudinal direction and that is taken into account in a three-dimensional
simulation and analysis of the structure. Specifically in Fig. 4, the
oscillation of the vault of the western neorio in the 6th, 24th and 25th
eigenmodes, is shown.
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Fig. 2. (a) North view of the model, (b) south, (c) east, (d) west and (e) above view, with colors indicating areas of different material properties. (f) Colors assigned to
various structural parts. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Material properties (Evlogimenou).
Parts of the structure Modulus of
Elasticity
Vaults of semi-carved stones, strong mortar and mean thickness 1860 MPa
of 0.80 m
Arches of the end of the vaults, in the north, with carved stones, 2790 MPa
strong mortar and mean thickness of 0.60-0.65 m
Longitudinal masonry of 1.20-1.90 m thickness, with carved 504 MPa

stones in the outer layers and strong mortar
Longitudinal masonry of 2.80-3.30 m thickness, with carved
stones in the outer layers and strong mortar
6th Neorio vault with shotcrete layer and n shaped hooks.
Poisson ratio
Stone weight

340,2-3000 MPa

3280 MPa
0.20
21 kN/m3

i

Fig. 3. Displacement for gravity loads (static load).
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(b). 2" eigenmode in 4.19Hz.

(). 6 eigenmode in 5.22Hz.

(e). 24™ eigenmode in 7.53Hz.

Fig. 4. Selected eigenmodes of the structure.

(a). 1% eigenmode in 3.35 Hz. (b). 2™ eigenmode in 4.19Hz.
(). 6™ eigenmode in 5.22Hz. (d). 8" eigenmode in 5.41Hz.
(e). 24th eigenmode in 7.53Hz. (f). 25t eigenmode in 7.81Hz.

Models in various commercial finite element codes have been pre-
pared (MARC, ABAQUS, NX), with no significant differences.

It must be noted that recent design guidelines KADET 2021 (Regu-
lation for valuation, 2021) require that at least 75% of the active mass
must be considered in the modal analysis procedure. For the studied
structure this requirement leads to the need of taking into account 142
modes (in X direction) or 197 modes (in Y direction) to the eigenmodal
analysis. The first 20 eigenvalues are given in Table 2. From experi-
mental measurements and the picture of existing damages it can be
estimated that the structure experienced in the past seismic actions that
activated eigenmodes near the value of 15 Hz.

It should be mentioned here that according to the provisions of
KADET one observes that in the present structure, which does not have
diaphragms, the modal analysis using as many eigenvectors as are
required in order to activate the 75% of the total mass requires the in-
clusion of many eigenmodes. Alternatively, it is recommended to use the
time-history analysis, by using a number of characteristic time series
representing earthquakes expected in the region (following KANEPE
sect. 5.6.3.3). In this paper the dynamic identify of the structure and
material/damage identification is performed. For aseismic design and
restoration design spectral analysis vs. time-series earthquake loading
must be considered and performed. Comparison of the two approaches
will be presented in the future.

Further investigation includes the introduction of cracks and soft
interfaces at places where such damages have been found (Lakzacian,
2011). The model with cracks and interfaces and the results are reported
in (Charalambidi et al., 2021).

2.4. Parametric modelling and parameter identification

Due to the uncertainty which occurs mainly in material properties

(d). 8" eigenmode in 5.41Hz.

(). 25" eigenmode in 7.81Hz.

and damage patterns, several combinations of inputs must be considered
in the mechanical model. The finite element models have been param-
etrized and driven through a Python script. Eventually, the model will
provide the eigenmodes and eigenvalues near to the experimentally
measured ones.

The parametrized model has different material properties assigned to
different parts of the structure. Theoretically, every combination of
elastic material properties can be considered. Based on the reliability of
experimental measurements, the final investigation restricted the
number of unknown parameters to three, within reasonable intervals for
their values (Fig. 6).

The final step is composed of 512 combinations of parameter values
and the calculated eigenmodes and eigenvalues. The calculated eigen-
modal parameters have been compared with experimental measure-
ments. The first criterion was the deviation between the calculated and
the experimental eigenvalues. The Modal Assurance Criterion (MAC)
has been supplementary used in order to assure that the compared
modes are correctly chosen. MAC values show the convergence between
numerical and experimentally measured eigenvalues. The closest this
value to one, the better the correlation. This procedure is suitable for
massive, monumental structures with complex-shaped eigenmodes and
densely placed eigenvalues (Charalambidi et al., 2021) and (Asikoglu
et al., 2019), The best combination of material parameters is shown in
Table 3. The first row in Table 2 contains the experimentally measured
eigenfrequencies (Providakis, 2021). The identification of predominant
combinations by MAC is shown in Fig. 7. Different combinations of MAC
for values greater than the threshold of 0.3 are presented.

The relation between the experimentally measured eigenfrequencies
and the calculated eigenfrequency values is depicted in Fig. 8. The
correlation between the MAC coefficient with the numerical eigen-
frequencies and the difference between experimental and numerical
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Fig. 5. Eigenmodal participation factors for earthquake in X and Y direction.

eigenfrequencies with the numerical eigenfrequencies is shown in Fig. 9.

In contrast to other works, which consider experimental data from
the sterile laboratory environment or study relatively flexible structures
(bridges, towers, belltowers, minarets etc), the achieved MAC values are
relatively small. For general information and critical appraisal of various
MAC factors the reader is referred to (Allemang, 2003) and (Pastor etal.,
2012).

3. Pathology of the structure

For the structural model optimization, an analytical investigation of
structure’s damages was conducted. The purpose of the investigation
was to include the existing deteriorations in the finite element model.
The identified deteriorations are both biological (perforation,
powdering) and mechanical (cracks, previous interventions with
incompatible materials). The most important deteriorations of those
detected were chosen to be included in the structural model. In Fig. 10,
selected areas are illustrated that were simulated as regions of reduced
stiffness, that is, three cracks observed in between the buttresses on the
west wall, the large width cracks on vaults and the diversity of the width
of the southern wall in the 7th Neorio. A longitudinal crack was recorded
on the western vault. Because of its small width, it was not included in
the analysis.

The structural conditions of the 4th and 6th vault from the west due
to poor interventions are also considered as important (Fig. 11 (a)-(b)).
They have been imported to the model as material with reduced strength

(reduced elastic modulus).
Large width cracks of the inside of the vaults and on the west wall are
illustrated in the followed Figures (Fig. 12 (a) - (¢))

4. Unilateral crack models and non-linear analysis
4.1. Preliminary structural analysis modelling with cracks

From the in-situ investigation, the crack patterns have been docu-
mented. The finite element model of the structure (Ferrari et al., 2019)
has been enhanced with weak zones that model, in a simplified way, the
existence of cracks and other damages. In Fig. 13, the simulation of the
critical cracked region of the structure are illustrated via proper parti-
tioning of the finite element model.

From the analysis and the experimental investigation, it has been
shown that higher vibration is accumulated near the frequency of 15 Hz.
Therefore, the correlation of existing cracks with the maximum defor-
mation patterns is shown in Fig. 14.

4.2. Classic limit state analysis

A limit state analysis was carried out using LimitState:Ring (Ferrari
et al., 2019). Namely, a parametric analysis carried out to check the
sensitivity of the ultimate load due to the number of masonry stones that
make up one arch, as well as due to the estimated coefficient of friction
between the masonry stones. It should be noted that the reason for
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Table 2
Eigenvalues for various combinations of materials in the three areas.

Material - Modulus of

:Eil:;:)ﬁcity (Pa) 7.06 Hz 11.56 Hz 15.75 Hz 17.62 Hz 18.5 Hz 24.62 Hz

Nol Noz No3 A}”;f) fHz)  MAC [ MAC  fiit) MAC  fi1z) MAC  fittz) MAC  ft)
754 021 1174 1720 029 1721 034 1721 031 2371
754 022 11,76 1724 031 1724 033 1724 028 2323
751 026 1025 1660 040 1841 040 1841 | 041 2382
7,51 0,26 10,42 16,63 0,31 18,52 0,30 18,52 043 23,88
755 0,21 11,8 15,86 0,33 19,09 0,33 17,29 0,32 23,6
751 029 10,18 1667 033 1844 034 1844 | 043 2377
751 029 10,26 16,70 0,30 18,51 0,31 18,51 23,87
751 027 10,43 16,73 0,39 18,60 0,40 18,60 23,98
762 02 1067 1694 036 1694 032 1858 039 2327
711 - 11,17 1717 036 1771 032 1771 034 2337
751 03 1026 1677 031 1862 024 1862 2387
753 028 1042 1683 032 1876 031 1876 | 2401
762 019 1071 1703035 1701 030 1869 | 044 2335
76 02 1288 1724 029 1724 034 1724 031 2369
745 [0l 1 1724 036 1781 030 1781 036 234
7,49 0,27 10,21 17,20 0,36 18,03 0,34 18,03 0,31 235
7,54 0,32 10,32 16,86 0,41 18,72 0,36 18,72 - 23,94
756 029 1041 169 045 1879 040 1879 | 045 2401
757 0,28 10,49 16,93 0,30 18,85 0,32 18,85 0,42 24,08
766 027 1058 1692 041 1803 034 1893 037 2414
7,66 0,19 10,68 16,95 0,41 19,00 0,35 19,00 035 24,19

Material 1

Material 3

Fig. 6. Identification of parameters in selected areas, according to the in-
structions of the sensitivity analysis.

Table 3
Geometrical parameters of the damaged arch (west arch),
Shape of Span Rise at Thickness Total Number of
intrados (m) mid (mm) Width units
Span (m)
(m)
Segmental 9.39 4.695 727 5.0 20

considering only one arch in these simulations, is primarily to provide an
indication for the number of blocks which can be used for each arch in
the subsequent cases as well as to suggest a prediction for the friction
coefficient. Thus, these simulations are only preliminary and cannot be
used for in-depth evaluation of the structural response.

Combinations with MAC>0.3

* MAC=2 = MAC=3 = MAC=4 = MAC=5 = MAC=6 = Rest MAC values

Fig. 7. Identification of predominant combinations by MAC. Percentage of
cases with 2,3 etc MAC values greater than the threshold.

Table 3 shows the geometrical parameters of the arch on the west
side which was used for the analysis, since it is the most damaged and it
is expected that it will provide a better sense of the condition of the
structure.

For the parametric analysis models, a 1 kN load was applied across
the span of the arch at 150 mm intervals to identify the critical failure
load of the arch and the position it is obtained. The results from the
parametric analysis are shown in Figs. 15-16.

From the parametric analysis, it can be observed that failure load
increases, until coefficient of friction reaches the value 0.47. The critical
load observed is 87.9 kN when the number of segments is set to 10. From
previous studies, it has been shown that the assumed coefficient of
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Fig. 9. Correlation between MAC coefficient (blue bar) and difference between
experimental and numerical eigenfrequencies (orange line) with numerical
eigenfrequencies. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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friction between the masonry blocks tends to give the upper bound of the
critical failure load if not coincide with the exact value of failure
(Limitstate, 2021). Therefore, for the rest of the models, a 0.5 coefficient
of friction has been adopted.

In the next step, the number of masonry blocks that make up the ring
were investigated to determine the point at which the number of blocks
has no significant effect on the failure load. It can be noted from Fig. 15,
that the critical load decreases with the increase in the number of blocks
until 10 blocks, whereby the critical load shows a lot of noise. However,
when the average of the corresponding critical load from 3 consecutive
blocks is plotted, the noise in the critical load becomes insignificant after
20 blocks are used to make up the arch. Therefore, for the rest of the
models, each arch is made up of 20 masonry blocks.

1t is noted that the failure mechanism obtained from the parametric
models, correlates to the longitudinal cracks that were observed on the
first arch as mapped on Fig. 10. The mode of collapse is a four-hinge
failure mechanism as shown in Fig. 16.

4.2.1. Two-dimensional analysis

The mechanical behavior of unreinforced masonry structures is
mainly based on compression loads transferred between adjacent parts
of it, for instance stones, and secondary on frictional effects. This
behavior is also known as unilateral, no-tension behavior. The existence
of mortar with unreliable and low tensile strength is neglected. A further
simplification for slender structures, like arches or domes, is based on
the introduction of unilateral contact interfaces that model the
nonlinear behavior. The activation or deactivation of contact, eventually
with friction, during loading lead to reduction of the strength of the
structure and eventually collapse, due to the formation of collapse
mechanisms.

Following this method developed in our previous work (Drosopoulos
et al., 2008; Gilbert and Melbourne, 1994) and (Du, 2019) for masonry
bridges, a two-dimensional model for one arch as well as for the seven
arches of Neoria in the East-West direction has been created. A number
of unilateral contact interfaces are included. By applying a horizontal or

e West wall
— Vaults
South wall

Fig. 10. Areas of reduced ductility on the vaults and on the walls of the structure.
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Fig. 11. Vault (a) inside and (b) outside view.

Fig. 12. Crack on vault. (a) Inside and (b) outside view. (c) Biological deterioration on the North Wall.

vertical live load and gradually increasing it, similar to push-over
analysis, the unilateral interfaces are activated and eventually collapse
is modeled.

Careful application of this procedure, which is recommended by
modern design regulations for ductile structures, gave crack patterns
that partially explain the measured crack patterns at the outside walls of
the structure. A vertical push-down procedure is followed for the esti-
mation of the vertical component of the earthquake on a two-
dimensional model of the single, west arch. Thus, the applied load

combination consists of the self-weight, assigned in a first load step and
an increased by 0.5g vertical gravity load, assigned in a second load step.
Activation of cracks at the crown of the vaults can be explained by this
procedure. Crack patterns at the west part of the structure can be
correlated with the results of the full seven-openings model.

It must be repeated here that the results of pushover analysis have
been used to give indicative correlation with existing crack patterns.
Due to lack of ductility of the unreinforced masonry structure, they
cannot be used for strength evaluation. From the collapse type and the
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Fig. 13. Simulation of cracked region via partitioning of the F.E. model.

Fig. 14. 15 Hz eigenvalue shape of the structure (cracked model).

performance of the overall two-dimensional model it is observed that
the most vulnerable areas are the extreme vaults (Fig. 17). Pathology
observation indicates the appearance of longitudinal cracks in the vault
of the western and eastern Neorio. These cracks have caused the key
vault to break on the north front. It is pointed out that there is no im-
mediate risk of collapse as evidenced by the collapse mechanism which
requires the development of cracks in other places of the vault as well as
movement of the spandrels (longitudinal walls).

4.2.2. Three-dimensional analysis
Next, a three-dimensional non-linear finite element model is

developed in Abaqus (Simulia, 2013). It is noted that comparing to limit
analysis, the finite element models can provide more details such as the
principal stresses, forces and displacements which can be translated to
force-displacement diagrams.

The geometry shown in Table 4 was used to create the numerical
models. The longitudinal support provided by masonry walls were also
included in the models. The width of the structure is reduced to 3.5 m to
simplify the analysis.

The finite element models developed in this paper are solved using
the Newton-Raphson incremental-iterative procedure to deal with the
nonlinear nature of the problem. The nonlinearity is due to the opening-
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Fig. 15. Parametric analysis showing (a) the critical load vs the coefficient of
friction between the masonry blocks and (b) the critical load vs the number of
masonry blocks.

Fig. 16. The limit state failure mechanism of the first arch.

Fig. 17. Collapse mechanism (Western Neorio), where the activation of cracks
in the center of the dome is clearly visible, as observed in the building.

closure and sticking-slipping along the masonry stone interfaces. The
models were developed with a fixed support and the self-weight was
incorporated in the loading condition. Two steps were used to create the
models: the first step was a pure gravity load to simulate the state of
inertia of the structure and to stabilize the model. The second step has an
increased gravity load by 0,5g which was incrementally applied on the

D in the Built 10 (2022) 100069
Table 4
Maximum principal stresses (Maxps) used for XFEM model.
Material ~ Location Maxps
(MPa)
M1 Vaults with semi - carved stones, strong mortar and an 0.774
average thickness of 0.80 cm
M2 Arches ending in the north with carved stones and strong 1.116
mortar (thickness 0.60-0.65 cm)
M3 Longitudinal masonry 1.20-1.90 m thick with carved 0.2016
stones in the outer layers and strong mortar
M4 Longitudinal masonry 2.80-3.30 m thick with stones in 0.136
the outer layers and strong mortar
M5 Neoria dome 6 with operation with shotcrete and hooks of -
shape p.

Fig. 18. The failure mechanism of the first arch under gravity loads.

structure. This is used to provide a preliminary indication of the effect of
the vertical component of an earthquake to the structural system. The
results from these models are shown in Figs. 18-20.

The failure mechanism presented are shown in Figs. 18-20 correlate
with the longitudinal cracks observed on the structure in-situ and the
damage pattern is similar to the one observed in the limit state analysis.
Also, the model with one arch has a similar failure pattern with the full
structure of 7 arches, even though the failure pattern is exaggerated on
the one arch model. The hinge circled in yellow in Fig. 19 (model with
one arch) and Fig. 20 (full structure) shows an outwards opening,
respectively. For the model with the full structure, there is an influence
of the adjacent arch to the first arch, which acts as a probe which pre-
vents/minimize the lateral movement of the arch. This tends to mini-
mize the overall displacement of the structure making it more stable.

After the first group of models with increased gravity of 0.5g were
analyzed, it was noticed that the longitudinal cracks/opening only
developed on the first (west) arch while on situ, also mapped on Fig. 10,
longitudinal cracks are also visible in spans 2 and 7. In an attempt to
understand the cause of the longitudinal cracks, more load cases were
investigated:

- (a) Lateral movement of abutment due to a horizontal point load
acting on the right-hand side abutment of the structure, as shown in
Fig. 21.

- (b) A vertical displacement of supports.

Fig. 22 shows the deformation of the structure after a 100 kN hori-
zontal point load has been applied on the right hand-side abutment. As
shown on Fig. 22, multiple hinges (circled in red) are observed on the
first span which correlates to the experienced damage. The yellow cir-
cles show small hinge opening on fourth, fifth and sixth spans. When the
horizontal force is applied to the left hand-side abutment, no correlation
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Fig. 19. The displacement contour of the whole structure under gravity loads.

Fig. 20. A close-up view of the failure mechanism of the first arch in whole structure analysis under gravity loads.

Fig. 21. Lateral point load acting on the right-hand side abutment of the structure.

to the experienced damage arises.

Figs. 23-24 show the deformation of the structure after imposing a
100 mm vertical (downwards) settlement of supports 2 and 8, as indi-
cated by the red arrows. This movement of supports may be due to poor
ground conditions. Fig. 24 highlights in red circles the hinge openings
which might have resulted in the real cracks obtained in situ, as there is a
high correlation of the positions of the cracks observed in the numerical
model (Fig. 24) and in the real conditions (Fig. 10). The hinge opening
on the fifth span (highlighted in yellow) is quite small, similar to the real
image. It can be concluded that the longitudinal cracks are most likely to
be caused by a vertical displacement of supports 2 and 8.

4.3. Andlysis with the extended finite element method

The extended finite element method (XFEM) is an extension of the
conventional finite element analysis. It allows for cracks to be modeled
independently of the mesh, permitting the propagation of the crack
along an arbitrary, solution-based path (Du, 2019). The main concept of
this method is to use the partition of unity property and properly enrich
the nodal displacement approximation. The enrichment is implemented

using appropriate enrichment functions, as provided by equation 2.

Within the XFEM method, a domain containing a discontinuity, is
considered. This may involve a discontinuous displacement (strong
discontinuity) or a discontinuous displacement gradient (weak discon-
tinuity). A strong discontinuity can be used in numerical modelling to
represent a crack, developed in a structure.

For a two-dimensional geometry, a strong discontinuity is depicted
by a line located in the finite element mesh. According to the core
concept of the XFEM method, the nodes of the elements which are cut by
the discontinuity are enriched, using appropriate functions. These
enrichment functions are used for the nodes of split elements (thus, el-
ements which are cut by the discontinuity) and for the nodes of tip el-
ements (elements which contain the crack tip). For the enrichment of the
split elements, the Heaviside function H is used as given in equation (1).
For the tip elements, the branch functions F are introduced.

u= ZN,(x) uy+ H(x)a; + Fa(x)b{ @
I=1 1

a=

For the structure that is investigated in this article, an XFEM model is
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FYYry Yy

Fig. 22. (a) Deformation shape of first (west) span after a 100 kN horizontal point load has been applied on the right hand-side abutment, (b) Deformation shape of
fourth, fifth and sixth spans after a 100 kN horizontal point load has been applied on the right hand-side abutment.

Fig. 23. Deformation shape of the structure after 100 mm vertical settlement of supports 2 and 8.

XYY Yy

Fig. 24. (a) Deformation shape of 1st and 2nd span after 100 mm vertical settlement of supports 2, 8, (b) Deformation shape of 5th and 7th span after 100 mm

vertical settlement of support 1, 8.

developed in Abaqus (Du, 2019) to capture the transverse cracks. A
simplified 3-dimensional geometry of the full structure is considered,
similar to the full structure in the traditional FEA. A maximum principal
stress (Maxps) is adopted to define the traction-separation law which is
used to determine the response of the discontinuities. Crack propagation
takes place when the stress in the domain of the crack tip reaches this
maximum principal stress. Values of the Maxps for different elements of
the structure are shown on Table 4. For all the cases, the displacement at
failure was considered to be equal to 0.001 m. In this study, the initial
cracks were inserted on the first, second, third and seventh spans of the
structure as observed on situ. For the mechanical conditions, a 100 mm
vertical displacement of the second and eight support was applied
together with a 100 kN horizontal force on the left abutment as shown
on Fig. 26. The result from this model is shown in Fig. 26 (a)-(d).

Fig. 25(a) shows the initial position of the transverse cracks which
are introduced to the model. According to the results of this investiga-
tion, the longitudinal cracks, which were observed on the conventional
finite element analysis with similar load conditions, are also observed
under the extended finite element model. In addition, based on this load
case, as well as on more load cases including settlement of supports,
analysis results indicate that the existing longitudinal cracks do not

propagate. One potential reason for this, is the fact that these transverse
cracks may not be considered as critical, since they will not interrupt the
structural integrity of the system. Thus, in-between their positions,
intact masonry arch parts will still be able to support the structural
system.

However, further future investigation needs to be conducted, in
order to provide more details for the interaction between longitudinal
and transverse cracks and the influence of their interaction on the
structural response.

5. Conclusions

Modal analysis results and pushover, limit analysis calculations have
been used in order to explain damage and crack patterns found on the
structure of the Neoria monument. First a three-dimensional finite
element model was used for the classical modal analysis procedure and
the areas of higher deformation in the structure were correlated with
damage patterns.

The parametrized model has different material properties assigned to
different parts of the structure. Theoretically, every combination of
elastic material properties can be considered. Based on the reliability of

Fig. 25. Deformation shape of the structure after a 100 kN horizontal point load has been applied on the further left hand-side abutment together with a 100 mm
vertical displacement on the 100 mm vertical displacement of the second and eight support.
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Fig. 26. (a) Transverse cracks on the different spans of the structure. Close-up (b) on the first and second span, (c¢) on the third span and (d) on the seventh span of

the structure.

experimental measurements, the final investigation restricted the
number of unknown parameters to three, within reasonable intervals for
their values (Fig. 20). From the reported investigation a fairly satisfac-
tory determination of material parameters has been done, based on a
detailed linear finite element model and experimental measurements.
Further investigation may include parameter identification using mul-
tiple criteria and global optimization techniques. The Python script can
support this, provided that sufficient computing time is available.
Furthermore, two- and three-dimensional models with unilateral
interfaces were used in a push-over like analysis, in order to investigate
collapse modes and loads. It is known that model with contact interfaces
can be used in the stability assessment of a large monument (Motsa
etal., 2019) and in combination with optimization for the investigation
of structures with faults (Conde et al., 2016). Finally, the XFEM method

was adopted to provide a further insight of the structural response, by
considering transverse discontinuities.

From the analysis results it was concluded the important role of the
west wall to the failures of the 1st Neorio vault. Additionally, the
isolation of the masonry strength due to lack of maintenance as well as
earthquakes are the main causes of existing failures. The understanding
the mechanism of construction failure is basic to the next in studying the
required interventions.

Due to the complexity of the structure, the uncertainties related to
material properties, despite the extensive investigation, more work is
needed, towards a further insight on crack propagation and reinforce-
ment suggestions for the monument.
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Abstract

In this article a data-driven, structural analysis methodology is proposed, for the investigation of
the ultimate response of masonry arches. The main objective of the study is to adopt machine
learning principles, in the form of artificial neural networks, in order to evaluate the structural
response of masonry arches. In this framework, numerical metamodels are developed, aiming to
predict in a computationally efficient framework, the failure mechanism and the ultimate, collapse
load of masonry arches. First, datasets are numerically built, integrating Matlab, Python and
commercial finite element software. Heyman’s assumptions are adopted within non-linear finite
element, incorporating contact-friction laws between adjacent stones/blocks to capture failure in
the arch. The artificial neural networks are trained, validated, and tested using the least square
minimization technique. It is shown that the proposed scheme can be used to provide a fast and
accurate prediction of the deformed geometry, the collapse mechanism and the ultimate, failure
load of masonry arches. Cases studies demonstrate the efficiency of the proposed method, by
implementing the method to random, new masonry arch geometries, not used for training. All
Matlab and Python scripts used to generate the datasets as well as the datasets, are provided with
this article. The method can be extended towards structural health monitoring applications and

the concept of digital twin.

Keywords: FEM, Machine Learning, Artificial Neural Network, Multi-hinge failure, Damage

Prediction, Masonry Arches, Data-driven Mechanics, Digital Twin
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1. Introduction

Masonry arches have been used widely during centuries to span and enclose space. The structural
benefit of the arch shape is still under investigation even though the technique was first observed
in Mesopotamian brick architecture, dating back to the 2nd Millennium BC (Anastasio, 2020).
Arches are efficient load-bearing structures, which distribute applied loads through compression
in adjacent masonry stones. The arch, as a method of construction, is directly relevant to the
material behaviour of masonry. There exists a harmonic relation between the masonry stones and
the shape of the arch, to ensure that the structure is mainly under compression. Compression
failure of masonry arches is generally unlikely to take place, thus, the typical failure mode of

arches is a tensile hinge mechanism (Grillanda et al., 2021).

In particular, the typical mode of failure for masonry arches is the formation of tension hinges in-
between the masonry stones, activated when the thrust line falls outside the section of the masonry
arch. The change of the structural state, from equilibrium to mechanism, can be caused by
settlement of supports due to earthquakes, vertical loads due to vehicles, erosion, or ground
bearing failure. This hinge mechanism can result in damage and eventually partial or total

collapse.

Several investigations have been conducted, to highlight the structural response of masonry
arches. Hooke (1676) has been pioneer for first describing the compression behaviour of masonry
arches under their self-weight and for proposing a rational rule to estimate the size of masonry
stones and the geometry of masonry arches. This rule is based on the analogy of a hanging chain
forming catenary in tension under its self-weight, and on a masonry arch (inverted chain),
standing rigid in compression (Heyman, 1982, Heyman, 1998, O’Dwyer, 1999, Block et al.,
2006). In (Poleni, 1748), Hooke’s hanging chain principle was used to assess the safety of the
cracked dome of St. Peter’s in Rome. Recently, in (Gaspar et al., 2022) this principle was used in
a study which relates the optimal geometry of a masonry arch and the number of concurrent hinges

under self-weight, at a limit state quantified by minimum thickness.

In the later years, more advanced techniques have been developed, to evaluate the structural
behaviour and ultimate, failure response of masonry arches. Often, the finite element method is
the numerical tool used to simulate detailed two and three-dimensional geometries of masonry
arches. To capture the failure response, different constitutive descriptions are introduced in these
models. The arising computational cost is significant, in particular for bigger models with more

structural parts, higher dimensions and complex non-linear material laws.
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In (Ozmen and Saym, 2018), three-dimensional finite element models are used to assess the
seismic response of an old masonry arch bridge in the framework of the macro modelling
approach. In (Charalambidi et al., 2022), a finite element model introducing unilateral interfaces
to capture failure between masonry stones, is proposed to identify and predict the cause of the
existing structural damage of a masonry monument in Greece. In (Tapkin et al., 2022), various
non-linear finite element models were used to simulate the structural response of a three-span
masonry arch bridge located in Turkey. In (Drosopoulos and Stavroulakis, 2018), a computational
homogenization method is proposed, to investigate localization of damage in masonry walls.
Macroscopic, structural scale failure is represented by cohesive cracks in the framework of the
extended finite element method, using the effective material properties obtained from microscopic
simulations. More efforts on numerical modelling of masonry arches using the finite element
method can be found in (Ferrero et al., 2023, Rahimi et al., 2022, Zampieri et al., 2021, Tubaldi
et al., 2020, Stavroulaki et al., 2018, Conde et al., 2016, Sarhosis et al., 2016, Milani et al., 2006,
Lourenco, 2002).

In the 4th industrial revolution era, machine learning elements, such as artificial intelligence (Al),
have been adopted to solve complex non-linear engineering problems. In the recent years, even
more machine learning algorithms have been developed to solve engineering problems. In
structural engineering, artificial neural networks have been used to assess the strength and
performance of concrete structures (Chang and Zheng, 2019, Prakash et al., 2019, Sadowski et
al., 2018) and the structural response of steel (Beskopylny et al., 2020, Wotowiec and Kula, 2012).
Other available machine learning approaches include non-destructive and vision-based
measurement techniques, which are used as a method of structural health monitoring (Yuan etal.,
2022, Bekas and Stavroulakis, 2017, Psychas et al., 2016, Cavaleri et. al., 2022, Grandio et al.,
2022, Ashrafian et. al., 2023).

The main concept of introducing machine learning approaches in structural engineering, is to use
existing data, carrying information for the structural response, in numerical simulations. Thus,
databases are developed and used to train a machine learning algorithm. The trained algorithm is
then used to assess the response of the structural system. A numerical metamodel is developed
within this framework, able to potentially replace or complete existing structural evaluations, due

to missing experiments or computationally expensive calculations.

In (Jing et al., 2022), an artificial neural network called BridgeNet is proposed, for automating
the segmentation of masonry arch bridge elements obtained from large-scale point clouds. In

(Melchiorre et al., 2021), machine learning algorithms are used to structurally optimize the cross-
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section of a circular arch by calculating the internal stresses and comparing them against the yield
stresses of the material. In (Civera et al., 2022), artificial intelligence and machine learning
algorithms are used to interpret operational modal analysis mode shapes, which is normally a
computationally expensive task, aiming in the structural health monitoring of masonry arches. In
(Drosopoulos and Stavroulakis, 2020), machine learning is introduced in multi-scale
computational homogenization to capture the non-linear response of masonry walls. Recent
studies emphasize in using image recognition and deep machine learning tools, including for
instance computer vision and convolutional neural networks (CNN), to generate geometric digital
twins for masonry structures (Dais et al., 2021, Loverdos and Sarhosis, 2023, Loverdos and
Sarhosis, 2023).

In this study, a data-driven numerical analysis of masonry arches is proposed, to evaluate their
mechanical response considering different arch geometries (span and thickness of the masonry
stones). The first step of this investigation is to conduct parametric simulations, in order to
develop datasets, using as input and output values geometric and structural parameters of masonry
arches. In a subsequent step, these datasets will be used to train artificial neural networks.
Therefore, the article proposes a methodology for using machine learning, data-driven techniques,
in order to achieve a fast and accurate prediction of the structural response of masonry arches. It
is noted that to the authors’ best knowledge, only limited works can be found, emphasizing in
data-driven, machine learning approaches, for the structural evaluation of masonry arches. Also,
the majority of the published research focuses more on the geometric aspects of the data-driven
approaches, comparing to the structural response and the failure mode prediction which is the

core outcome of this investigation.

In particular, two-dimensional, non-linear finite element models were developed to perform the
parametric assessment, considering the following Heyman’s assumptions: (i) masonry stones
have no tensile strength and, (ii) the compressive strength of the stone is infinite (Heyman, 1966).
The results obtained from the finite element models were used to train, validate, and test artificial
neural networks. This procedure has been implemented using Python, Matlab and commercial
finite element software. The trained neural networks can provide a fast structural evaluation of
random masonry arches, with limited computational cost, emphasizing in critical and valid
information for the ultimate structure response. Thus, the outputs of the trained neural networks,
are, (a) the deformed geometry depicting potential damage under the self-weight, (b) the deformed
geometry, also depicting potential damage, under self-weight and a vertical point load applied at

Y, of the span and (c) the ultimate load at collapse.
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2. Ultimate (failure) response of masonry arches

Goal of this article is to propose a data-driven methodology for the structural evaluation of
masonry arches. According to the overall concept, parametric structural simulations within non-
linear finite element analysis are conducted to generate datasets providing the ultimate, failure
response of masonry arches of various geometries. Machine learning elements in the form of
artificial neural networks are then used to train the set of results obtained from the parametric
finite element analysis. The trained neural networks are metamodels able to predict the failure
response of randomly chosen masonry arch geometries. The parametric investigations are
conducted on circular masonry arches, but any other geometry (e.g. parabolic) or even different

structural type, could be adopted using the proposed concept.

In this section, principles of the mechanical response of masonry arches are provided,
emphasizing in the ultimate, failure behaviour of these structures. The classical collapse
mechanism theory as presented in Heyman (1982), has been widely used to determine the load-
bearing capacity of masonry arches. This technigue has been adopted by other analytical methods
to estimate the thrust line passing through masonry arch stones. For arches to be fully under
compression, the thrust line must lie within the core (middle third) of the section (Heyman, 1982).
Unreinforced masonry arches form a plastic hinge when the thrust is tangent to the extrados and/or
intrados of the arch. When the thrust line is tangent at three extrados and/or intrados points of the
arch, three hinges are developed. The introduction of three hinges changes the determinacy of a
fixed support arch from statically indeterminate to statically determinate. Then, the development
of a fourth hinge triggers a kinematic collapse mechanism, widely known as the four-hinge

collapse mechanism (Heyman, 1967).

According to this description, four-hinge collapse mechanism is generally the common cause of
structural failure of masonry arches. In addition, this mechanism may not arise when a
symmetrical arch is subjected to symmetric loading, like self-weight. Heyman (1967)
demonstrated that this response may be obtained on semi-circular arches under their own weight.

Under this condition, at least a 5th hinge must form to trigger a kinematic collapse.

To simulate the mentioned hinge mechanism between adjacent stones, principles taken from non-
smooth mechanics have been adopted in this article within non-linear finite element analysis
(Panagiotopoulos, 1985, Drosopoulos et al., 2006). In particular, a unilateral contact and friction
law is used to describe the surface contact conditions. This law introduces a strong nonlinearity,
even though the stones are assigned linear material properties. Therefore, nonlinearity is restricted
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to the interfaces between the stones, allowing for the opening and/or sliding along these interfaces.
This opening and sliding that may appear in an interface, give rise to 8 configurations of
deformation between two adjacent stones (Stockdale et al., 2022). These deformation modes
include openings, rotations, slips, and slip/rotation combinations, as shown in figure 1. It is noted,
that these deformation modes can be predicted by the machine learning, data-driven approach
which is proposed in this study.

ORIGINAL CONFIGURATION BOTTOM ROTATION TOP ROTATION
d
RIGH IP RIGHT SLIP
RIGHT SLIP + BOTTOM ROTATION + TOP ROTATION
o )
LEFT SLIP LEFT SLIP
LEFT SLIP + BOTTOM ROTATION + TOP ROTATION

Figure 1: Potential deformation modes between two adjacent blocks of an arch (Stockdale et
al., 2022).
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3. Machine learning using artificial neural networks

Machine learning is a branch of artificial intelligence which focuses on training computer codes
on how to make predictions of systems based on available datasets and algorithms. The ability of
machine learning algorithms to recognise patterns from large datasets allows for their usage in

various fields of study such as engineering, business, and science.

In (Reich, 1997) it was shown that machine learning was still in its infancy stage due to limitations
on machine learning algorithms and computing power, as well as due to the lack of experimental
databases to validate the machine learning models. Recently, it has been demonstrated a
significant increase of using machine learning tools, to solve complex structural engineering
problems (Thai, 2022). In addition, databases like DataCenterHub, DesignSafe and Mendeley
Data can now be used to validate machine learning models. The number of machine learning
algorithms has been significantly increased and tools like artificial neural networks, decision
trees, regression analysis, support vector machine, random forest and boosting algorithms, have

been adopted in structural engineering applications (Thai, 2022).

In this article, emphasis is given on using artificial neural networks as the numerical tool which
implements data-driven structural assessment. An artificial neural network is developed by
biomimicking the human brain structure, thus, how neurons are interconnected to imitate
thinking, recognition and decision making (Simon, 1999, Nasrabadi, 2007). It was first invented
by (Rosenblatt, 1958) in 1958 and called the perceptron. Due to improvements to computational
power, various algorithms have been developed such as the feedforward neural network
(Ivakhnenko, 1971), the radial basis function neural network (Broomhead and Lowe, 1988), the
convolutional neural network (LeCun et al., 1998), the recurrent neural network (Elman, 1990)
and the adaptive neuro-fuzzy inference system (Jang, 1993). The feedforward neural network is
the most common system, due to its simplicity and robustness to solve multi-variate and nonlinear
modelling problems (Mostafa et al., 2022, Thai, 2022).

In this study, a feedforward neural network is adopted to train the datasets which are built by
finite element simulations. In figure 2 an example of a neural network represented by x-h-h-y is
shown, where X is the number of inputs (variables), h is the number of neurons for one of the two
hidden layers, and y is the number of outputs (prediction) (Mostafa et al., 2022). In the hidden
layers, the input variables are assigned weights which need to be determined and then used to
predict. Activation (sigmoid) functions, such as the nonlinear continuous sigmoid, the tangent
sigmoid, and the logarithmic sigmoid, are also introduced (Haykin, 2009). The inputs are
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multiplied by weights to provide the values of the output layers, within acceptable accuracy (low
error margins). The iterative process of assigning weights is called training. Equation (1) shows

a generic neuron j in a hidden layer, where wl-hj is the weight that connects the i neuron of the

current layer to the j™ neuron of the following layer, x! is the input variable, b is the bias
associated with the j™ neuron to adjust the output along with the weighted sum, and f is the
activation function (Mostafa et al., 2022). Equations (2) and (3) provide some of the commonly

adopted activation functions, the tangent sigmoid and logarithmic sigmoid, respectively.

yj = f(Eiawixi +bf) (1)
f) = =14 s )
f = o= ©)

In this study, the Levenberg—Marquardt backpropagation algorithm (Hagan and Menhaj, 1994,
Marquardt, 1963) is adopted to perform the training. The algorithm consists of two steps: (a) feed-
forward weight values are determined to calculate the error by minimizing the least squares error
function, and (b) propagating back the error to previous layers and checking if the error value
falls outside the acceptable error margin. This iterative process (epoch) of backpropagation is
repeated until the errors from the interconnecting weights are within the acceptable error margin.
The fixed interconnecting weights now form a neural network which can be used to predict
complex problems with certain accuracy. A schematic diagram of the whole training process is

shown in figure 3.

Input layer Hidden layers Outer layer
IXI lh' lyl
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® o
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Figure 2: Feed-forward neural network architecture.
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Figure 3: Typical workflow of machine learning (Thai, 2022).

4. The proposed data-driven scheme

The implementation in this article of data-driven structural analysis for masonry arches using
machine learning principles, involves the use of a commercial finite element software (Abaqus)
and two programming codes, namely, Matlab (Matlab, 2021) and Python. A code developed in
Matlab is the pillar of the procedure, since it provides the overall definition of the parameters used
by the finite element models, it establishes the connection with the parametric finite element
model, and it implements machine learning. In Appendix 9.1 of the article, descriptions for this

Matlab code are given.

The finite element software is only used to conduct the parametric structural simulations of
masonry arches. A Python script is also introduced within the Matlab code, to call the finite
element model without opening the GUI of the finite element software. Descriptions for this

Python script are provided in Appendix 9.2 of the article.

The details of the proposed scheme are presented below:

e In the first step, a Matlab script (Appendix 9.1) is developed to define the geometry of
the masonry arch and extract the (x) and (y) coordinates of the vertices of the individual
stone blocks that make up the structure. The span of the arch and the thickness of the
masonry blocks are the parameters introduced to define the geometry and used in the
parametric investigation. The extracted coordinates are saved in a text file.

¢ In the second step, the Matlab script calls a Python script with the finite element model
(Appendix 9.2), derived from the commercial finite element software, without the need
to open the GUI of the software. The Python script initiates the solution for the discrete
finite element model of the masonry arch, which is generated by reading the coordinates
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from the text file (previous step). All the details of the non-linear finite element model
are included in the Python script, namely, the boundary conditions (fixed supports), the
applied loads (step-1: self-weight and, step-2: 100kN vertical point load applied at ¥% of
span), the mesh (bilinear quadrilateral elements with size equal to 0.05m), and the
unilateral contact/friction laws between the stones.

e In the third step, a second Matlab script (Appendix 9.3) calls the finite element software
and runs a second Python script (Appendix 9.4) which extracts results from the finite
element analysis solutions. The results extracted, include the (x) and (y) displacements
of the four vertices of each stone block after the completion of the first and second loading
steps (self-weight only and self-weight plus vertical point load, respectively), and the
ultimate load at collapse. It is noted that these (x) and (y) displacements are used to
determine the deformed shape of the arch, after the end of each finite element analysis.

e Inthe fourth step, the results obtained from the finite element models are sorted and stored
as mat files (Matlab) to form databases. These databases are trained using an artificial
neural network which can then be used to predict the structural response of any masonry

arch within the range of the database values.

A flowchart illustrating the steps of the whole process is shown in figure 4. The path marked by
the dashed-line (red) arrows in figure 4 shows the workflow/application of the trained neural

network.
All the simulations were run on a computer with quad-core Intel® Xeon E5520 at 2.266 GHz and

16 GB RAM. The computational time needed to predict the structural response using the trained

neural networks is about 25.5s.
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Figure 4: Flowchart of the proposed workflow.

5. Details of the parametric finite element analysis simulations

In this work, unilateral contact-friction interfaces are introduced between adjacent blocks to
simulate the failure modes which are shown in figure 1. Sliding and/or opening of these interfaces,
lead to the formation of hinges (the thrust line falls outside the section of the stone), depicting
failure for two-dimensional masonry arches. To solve this unilateral contact—friction problem, the
Lagrange multipliers method is adopted for simulating opening in the normal direction of the
interfaces and the penalty method is used for simulating sliding in the tangential direction. In this
study, the coefficient of friction is set at 0.5 (Melbourne and Gilbert, 1995). The arches are
assigned fixed boundary conditions, the self-weight and a vertical point load, applied at ¥ of the
span. Due to the introduction of the unilateral-contact and friction interfaces, the finite element
model is non-linear. The Newton-Raphson incremental-iterative procedure is used to solve this

problem.

To implement the parametric finite element simulations and generate the datasets, 1862 non-linear
finite element models have been developed to provide a holistic insight in the structural response
of masonry arches, emphasizing in potential collapse mechanisms. Within the adopted discrete
approach, 20 two-dimensional masonry blocks have been used to create each masonry arch. It is

noted that in previous studies (Charalambidi et al., 2022, Tapkin et al., 2022), it has been shown
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that using more blocks than a chosen number, may not significantly affect the structural response,

while it can increase the computational cost.

Due to its low tensile resistance, the mortar is neglected in the models developed for this study.
Two steps are used to introduce static loads on the structure: the first step introduces a pure gravity
load to simulate the state of inertia of the structure and the second step adds an incrementally
applied point load of 100kN at ¥ of the span. The assigned material properties on the finite
element models, are as follows: density is equal to 2300kg/m? Modulus of elasticity is 30GPa

and Poisson’s ratio is 0.2.

Concerning the failure response of the masonry arches, as this arises from the used discrete finite
element models, it is noticed that the ultimate strength is reached when parts of the structure lose
contact and develop rigid body displacements. This happens due to the fact that the defined
unilateral contact/friction boundary constraints (assigned between stones) become insufficient to
equilibrate the loaded structure. On the numerical model, as collapse is being reached, at least one

zero eigenvalue on the tangential stiffness matrix is introduced which makes the analysis unstable.

6. Building the artificial neural networks

In this study, three neural networks have been trained, validated and tested to predict the structural
response of masonry arches. Each trained neural network will provide a different insight about
the structural behaviour of the arch. The first neural network will be used to predict the deformed
geometry of the structure when subjected to self-weight only. The second neural network will
predict the deformed geometry when the structure is subjected to self-weight plus a 100kN
vertical load applied at ¥ of span. The third neural network will be used to predict the ultimate
(failure) load at collapse, when the structure is subjected to self-weight plus a L00kN vertical load

applied at ¥ of span.

To train the mentioned artificial neural networks, results derived from the finite element
simulations, were extracted and used. In the input layer of each neural network are added the span
and thickness of the masonry blocks representing the initial geometry of each arch. Figure 5 shows
a Matlab plot of the vertices that make up the intrados and extrados of a 5.0m span arch with

0.25m masonry ring thickness.

93



In the output layer of the first two neural networks, are included the x- and y- displacements of
each vertex on each of the 20 individual masonry stones, representing the deformed geometry at

the end of each loading step of the finite element analysis.

In particular, the x- and y- displacements values at the end of loading step-1 were used to build
the neural network that predicts the deformation of the structure when subjected to self-weight
only and the x- and y- displacements values at the end of loading step-2 were used to build the
neural network that predicts the deformation of the structure when subjected to self-weight plus

a 100kN vertical point load.

In the third neural network, the output layer was defined by the ultimate load which is obtained
at the end of the finite element analysis. Figure 6 shows the deformation of a 5.0m span arch with
0.25m thickness, subjected to self-weight and a 100kN vertical load applied at ¥ of the span. This
figure is derived from one of the parametric finite element simulations, developed to create the
databases that will be used to train the artificial neural networks. It is noted, that the opening and
sliding between the masonry blocks as depicted in figure 6, can also be predicted and shown by

the trained neural networks.
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Figure 5: Matlab plot of the vertices that make up the intrados and extrados of a 5m span
arch with 0.25m ring thickness.
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Figure 6: Deformation of 5m span arch with 0.25m thickness subjected to self-weight and a
100kN vertical load applied at 1/4 of the span.

6.1 Methodology and parameters adopted to train the artificial neural networks

In this study, the Levenberg-Marquardt algorithm is adopted to train the neural networks. This is
considered as one of the fastest training algorithms (Matlab, 2021) but requires more memory
than other techniques available. It uses Jacobian matrix to compute the solution and assumes that
the performance function is the mean or sum of square errors. Like the quasi-Newton methods,
second-order training speed can be achieved without solving the Hessian matrix (Liu etal., 2021).
The Hessian matrix is approximated by equation (4) when the performance function is provided
by the sum of squares errors and the gradient can be computed as Jacobian matrix multiplied by

the vector of network errors, see equation (5).

Equation (6) shows how the Levenberg-Marquardt algorithms approximate the Hessian matrix
(Hagan and Menhaj, 1994, Hagan et al., 1997) by combining the Gradient Descent and Newton-
Raphson method. When u is zero, equation (6) is transformed to Newton’s method, using the
approximate Hessian matrix. When u is large, equation (6) forms Gradient Descent with a small
step size. The algorithm is faster and more accurate when u is small since Newton’s method is
quick when approaching the true value. With each successful iteration (epoch), the performance
function is reduced unless the tentative step is not successful thus increasing the performance

function. The aim to keep reducing u makes the algorithm fast.

Table 1 shows the parameters used to train the neural networks. It should be noted that the neural

networks were re-trained multiple times to improve the results, since during re-training different
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initial conditions and sampling were considered. The 70/15/15 rule was used during the training
process, which states that 70% of the dataset is used for training, 15% is used for validating the
neural network and the remaining 15% is reserved for testing the neural network.

H=]"] 4)
g=]J"e (5)
Xpe1 =X — [JT] +pl]™YTe (6)

In equations (4)-(6), H is the approximated Hessian matrix, J is the Jacobian matrix, g is the

gradient, I is the identity matrix, e is the vector of network errors, and u. is the adaptive value

Table 1: Parameters used to train the neural networks.

Parameter name Value
Number of neurons in hidden layer 40
Maximum number of epochs to train 1000
Performance goal 0
Maximum validation failures 100
Minimum performance gradient le-7
Maximum value for u 1e10
Initial u 0.001
Decrease factor for u 0.1
Increase factor for u 10

6.2 Using the artificial neural networks

After training, validating, and testing the neural networks, they can be used to predict the
structural response. The final deformed geometry of the structure is practically determined using
equation (7) where u, is the vector of coordinates of the vertices of the masonry blocks depicting
the undeformed geometry before any load is applied, u; is the vector of the displacements of the
vertices of the masonry blocks after the load application and C is a user defined scale factor to
ensure the deformation of the structure is easily visible. The vector u; is predicted by the neural

network and is dependent on the geometry of the structure and the load application.
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Figure 7 shows the deformation of a 5.0m span arch with 0.25m thickness, subjected to self-
weight and a 100kN vertical load applied at ¥ of the span, as derived by using the equation (7).
A scale factor of 100 is used in this example so that the hinge formation can easily be seen. It
should be emphasized that figure 7 indicates the capacity of the proposed approach to predict the
deformed shape and the collapse mechanism of a masonry arch for a random geometry, using the
proposed data-driven scheme. The Matlab code which is used to generate the deformed geometry,
with inputs the vectors of the initial coordinates of the vertices of the masonry blocks u, and the
vector u; of the displacements of the vertices of the masonry blocks after the load application, is
given in Appendix 9.5.

u=u,+Cuy (7

005

Span (m)

Figure 7: Deformation of 5m span arch with 0.25m thickness subjected to self-weight and a 100kN vertical
load applied at 1/4 of the span, as derived by using equation (7).
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7. Results and discussions

In this section, the performance and training accuracy of the developed neural networks are
discussed. Then, it is shown how the trained neural networks can be used to predict the structural
response of masonry arches of random geometry. Relevant results are provided and compared

with existing output from literature.

7.1 Performance of the trained artificial neural networks

Three neural networks, namely, A, B and C, were trained by using 1304 data points, validated by
279, and tested by 279 data points respectively. In all neural networks, 2 input variables were
used, namely, the span and the thickness of the masonry blocks that represent the arch geometry.
In the first 2 neural networks (A and B) which are used to predict the deformed geometry under
self-weight or self-weight and vertical loading, 160 output variables were used, namely, the
displacements of the vertices of each of the 20 individual blocks making up the arches: 20 blocks
x 4 vertices per block x 2 displacements per vertex. The deformed geometry of the arches can
then be determined using theses 160 output variables, according to relation (7). In the third neural

network (C), 1 output variable is considered, namely, the ultimate load.

In table 2, are provided details related to the training of the three neural networks. The neural
network A in table 2 refers to the neural network that predicts the deformation due to self-weight
only, the neural network B refers to the one predicting the deformation due to self-weight and a
100kN vertical point load and the neural network C refers to the neural network that predicts the

ultimate load at collapse.

Regarding the training times given in table 2, neural network C depicted a shorter training time
as compared to the other two networks, since the output layer of network C had only one variable,
the ultimate load at collapse, comparing to the 160 variables of the output layer of the neural
networks A and B of table 2.

As shown in table 2, the training, validation, and testing of the neural networks are accurate, with
neural networks A and C showing more than 98% accuracy and with neural network B showing
more than 95% accuracy. The neural networks were trained four times to increase accuracy, with
each proceeding training done from the previously trained neural network without reinitializing
and starting weights from zero. In addition, the mean squared error obtained from the training of
the networks is very small.
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Table 2: Summary information from the training process of the three neural networks.

Neural Network A

Neural Network B

Neural Network C

(MSE)

Training time 1hr:10min:04sec 2hr:26min:41sec 15min:12sec
Iterations of 19 126 218
train(epoch)

Training accuracy 98.63% 95.92% 99.23%
Validation accuracy | 99.91% 96.14% 99.15%
Testing accuracy 99.86% 94.91% 99.26%
Mean Squared Error | 0.0001% 0.039% 0.0005%

Figures 8-10, show the regression plots for the training, validation and testing of the neural

networks and how the trained neural network fit the dataset. From these figures, it is observed

that the regression for training, validation and testing of the neural networks is almost 1, with 1

representing zero error in the trained neural network.
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Figure 9: Regression plot for neural network B.
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Figure 10: Regression plot for neural network C.

101



7.2 Predicting the response of random masonry arches using the proposed data-

driven scheme

This section investigates the structural behaviour of six masonry arches as predicted by the trained
neural networks. The dimensions of the six selected structures are within the range of the dataset
values (1.5m-to-50m span, and 0.1m-to-1m masonry ring thickness). For the last two masonry
arch geometries shown in table 3 (arches 5 and 6), the predicted by the proposed metamodel
collapse mechanism and ultimate load, are compared with the results obtained from finite element

analysis using commercial software.

In addition, arches 1 and 3 in table 3 are based on the minimum stone thickness for a circular arch
to maintain stability under self-weight as proposed by (Couplet, 1729) and (Milankovitch, 1904,
Milankovitch, 1907), respectively. (Couplet, 1729) proposed that the theoretical minimum
thickness, t, of a circular masonry arch with radius, R, should be t/R=0.1075. Several years later,
(Milankovitch, 1904, Milankovitch, 1907) proposed that the theoretical minimum thickness for a
monolith arch should is /R=0.10748.

In table 3 below, are provided the geometry of the selected arches as well as the ultimate load at
collapse, which is predicted from the neural networks, when a vertical point load is applied at the

quarter span.

Table 3: Geometry of masonry arches tested on neural networks and predicted ultimate load.

Name Span Height Stone thickness | Ultimate Load Source
(m) (m) (m) (kN)

Archl |23 1.15 0.12 0 (Couplet, 1729)

Arch2 | 16.0 8.0 1.0 100 -

Arch 3 6.0 3.0 0.32 13.4 (Milankovitch, 1904,
Milankovitch, 1907)

Arch 4 12.0 6.0 0.5 9.1 -

Arch 5 20.2 10.1 0.84 35.9 -

Arch 6 104 5.2 0.45 8.8 -

The deformed shape of the arch 1 which is presented in figure 11, shows that the arch is highly
unstable, since it collapses under its self-weight. It is noted that the deformation of this arch is
derived using the neural network which predicts the deformation due to the self-weight loading

(neural network A of table 2). Then, once the neural network which predicts the ultimate load is
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used (neural network C of table 2), a zero load is obtained. A classical hinge failure mechanism
of 5 hinges is obtained due to self-weight loading. This is a potential type of collapse, as found in
literature when a symmetric, circular arch is subjected to symmetrical loading, e.g. self-weight
(Cocchetti et al., 2012, Foce and Huerta, 2005, Heyman, 1995). A similar, five-hinge collapse
mechanism is depicted in Figure 12 for a circular arch with the theoretical minimum thickness,
as proposed in (Milankovitch, 1904, Milankovitch, 1907, Couplet, 1729).
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Figure 11: Deformation (m) of the arch 1 of table 3 (2.3m span, 0.12m thickness) due to self-
weight only, when scale factor = 200.
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Figure 12: Five hinge mechanism for a circular masonry arch under self-weight based on
literature. (McLean et al., 2021).

In figures 13-14, the deformed geometries of the arch 2 of table 3 due to self-weight only, as well
as due to self-weight and a vertical point load, are shown. From the deformed shape due to self-
weight (figure 13), is noticed that no hinge formation can be seen. According to figure 14, though
some hinges have been developed in the arch, the four hinges mechanism is not fully developed

at this load level, indicating that the arch is able to fully support the total applied load.
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Figure 13: Deformation (m) of the arch 2 of table 3 (16m span, 1.0m thickness) due to
self-weight only, when scale factor = 1.
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Figure 14: Deformation (m) of the arch 2 of table 3 (16m span, 1.0m thickness) due to
self-weight and vertical load, when scale factor = 100.

In figures 15 and 17, the deformed geometries of arches 3 and 4 due to self-weight only are shown.
These are followed by figures 16 and 18 depicting the deformed geometry of the same arches,
due to self-weight and the vertical point load. When arches 3 and 4 are subjected to self-weight
and a vertical point load, the deformed shapes of both arches as shown in figures 16 and 18,
indicate that the four-hinge mechanism is developed. Thus, the arches fail to support the overall
vertical load. The predicted ultimate loads at collapse, as obtained by the neural network C of

table 2, are 13.4kN and 9.1kN for arches 3 and 4, respectively.
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Figure 15: Deformation (m) of the arch 3 of table 3 (6m span, 0.32m thickness) due to self-
weight only, when scale factor = 300.
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Figure 16: Deformation (m) of the arch 3 of table 3 (6m span, 0.32m thickness) due to self-
weight and vertical load, when scale factor = 100.
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Figure 17: Deformation (m) of the arch 4 of table 3 (12.0m span, 0.5m thickness) due to self
weight only, when scale factor = 300.

In figures 19-20, the deformed geometries of the arch 5 of table 3 due to self-weight only, as well
as due to self-weight and the vertical point load, are shown, as obtained from the trained neural
networks. To provide a comparison of the results which are derived by the predictions of the
trained neural networks, the same arch has been simulated using finite element analysis
implemented by the commercial software. Figures 21 and 22 show the deformed geometry of the
arch 5 due to self-weight as well as due to self-weight and the point load, as obtained by finite

element analysis.

The geometry of the arch is stable under its self-weight as a symmetrical 3-hinge formation can
be observed in figures 19 and 21. When the arch is subjected to self-weight and a vertical point
load, the classical four-hinge collapse mechanism can be observed in figures 20 and 22. The
predicted ultimate load (35.9kN, table 3) at collapse is comparable with the ultimate load (34.1kN)
obtained from finite element analysis. It is noted that the ultimate load predicted by the neural
network C of table 2 is slightly overestimated by 5.3%. The position of hinges, which are depicted

in the neural network prediction and in the finite element analysis results, is also similar.
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Figure 18: Deformation (m) of the arch 4 of table 3(12.0m span, 0.5m thickness) due
to self-weight and vertical load, when scale factor = 100.
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Figure 19: Deformation (m) of the arch 5 of table 3 (20.2m span, 0.84m thickness) due to
self-weight only, when scale factor = 250.
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Figure 20: Deformation (m) of the arch 5 of table 3(20.2m span, 0.84m thickness) due to self-
weight and vertical load, when scale factor = 45.
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Figure 21: Deformation (m) of the arch 5 of table 3 (20.2m span, 0.84m thickness) due to self-weight only
as obtained from finite element analysis. Figure is scaled by a deformation factor of 250.
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Figure 22: Deformation (m) of the arch 5 of table 3 (20.2m span, 0.84m thickness) due to self-weight and vertical
load as obtained from finite element analysis. Figure is scaled by a deformation factor of 45.

Another example is presented, providing a comparison of the ultimate failure load and collapse
mechanism obtained from finite element analysis and the proposed metamodel. Figures 23 and
24 show the deformed geometry of arch 6 due to self-weight and vertical point load as obtained
from finite element analysis and as predicted by neural network B of table 2, respectively. It can
be noted that in both figures 23 and 24, the classical four-hinge collapse mechanism can be
observed. The predicted ultimate load (8.8kN) at collapse is comparable with the ultimate load
(10.4kN) obtained from the finite element model. It is noted that the ultimate load predicted by

the neural network C of table 2 is conservative.
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Figure 23: Deformation (m) of the arch 6 of table 3 (10.4m span, 0.45m thickness) due to self-weight and vertical
load as obtained from finite element analysis. Figure is scaled by a deformation factor of 100.
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Figure 24: Deformation (m) of the arch 6 of table 3 (10.4m span, 0.45m thickness) due to self-
weight and vertical load, when scale factor = 100
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7.3 Summary of the results and datasets output

Finally, an effort to summarize the results provided in the datasets, reflecting holistically the
structural response of masonry arches, is made here. In particular, it was observed that the
structural response of a masonry arch varies with the span and masonry ring thickness. Therefore,
both the span and the ring thickness values, which have been tested in the parametric simulations
and included in the datasets, are provided in figures 25 and 26. In both figures, unstable and stable
masonry arch geometries are denoted. The unstable geometries correspond to arches which fail
under their self-weight and thus, cannot support any vertical loading. Stable geometries are the

ones which support their self-weight and potentially fail under the vertical loading.

In figure 25, masonry ring thickness versus span values are provided for unstable and stable
geometries. It is shown that for higher spans, ring thicknesses significantly increase in order to
provide a stable geometry. For example, for a span of 20m, ring thicknesses higher than 0.75m

lead to stable arches.

In figure 26, thickness/span ratio versus the number of dataset points, called dataset node values
in the graph, are provided for unstable and stable geometries. According to this graph, 400 dataset
points from the parametric simulations (approximately) lead to stable masonry geometries, while
more than 1300 dataset points lead to unstable geometries. In addition, for a masonry ring
thickness to span ratio lower than 0.0383, as indicated by the average line in figure 26, unstable
masonry arch geometries arise. For higher values of this ratio, depicting a dispersion of increased
thicknesses (or reduced spans), stable masonry arches arise. It is noted that the datasets for stable
and unstable masonry arch geometries, providing also the ultimate loads, accompany this article.

Relevant descriptions can be found in Appendix 9.6
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Figure 25: Plot of masonry thickness against span for stable and unstable masonry arch geometry.
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8. Conclusions

A data-driven methodology, relying on machine learning and finite element analysis is proposed
in this article, to investigate the structural behaviour of masonry arches. The structures are
subjected to two loading steps, the self-weight and the self-weight plus a vertical point load
applied at the quarter span. Parametric, non-linear finite element simulations were conducted to
generate datasets providing the ultimate response. These datasets were then used to train artificial
neural networks which stand as metamodels, providing the ultimate load and the collapse

mechanism of random masonry arches.

Two-dimensional geometries of masonry arches were developed using a Matlab script, where the
coordinates of each of the vertices of the masonry stones is extracted. The structural, finite
element models were created using Python scripts called within Matlab to drive, a commercial
finite-element software. The Python scripts provide the geometry of the structure by reading the
extracted coordinates of the masonry stones vertices. The script also adds the mechanical
boundary conditions, the subjected loads, and a unilateral law, used to simulate potential damage
due to opening/sliding (contact-friction) between the masonry stones. Due to the nonlinearity of
the models, the Newton—Raphson incremental—iterative process was used to solve the numerical
problem. Python scripts within Matlab were also used to extract the results from the models. A
total of 1862 dataset points were used to train the neural networks. The training, validation and

testing of the network neural networks were within acceptable tolerance.

The investigation shows that the proposed data-driven structural analysis of masonry arches can
be used to provide accurate representation of the ultimate, failure response. The developed
metamodel, can be used to predict the response of random masonry arches. The methodology can

be extended to more complex three-dimensional geometries.

The article also proposes a numerical scheme to generate numerical datasets using Matlab and
Python scripts as well as commercial finite element software. A complete set of relevant codes

accompanies the article. Relevant descriptions can be found in the Appendix of the article.
The following conclusions can also be drawn:

e Machine learning can be a useful structural tool, in solving highly complex structural

problems within a few seconds.
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e The deformed geometries of the arches, which are predicted from the proposed process,
are comparable with literature as well as with results obtained from finite element
analysis.

e The developed structural tool can be used to investigate the structural behaviour of
masonry arches without the need for extensive computational cost. Once the metamodel
is built, predictions of the structural response can be provided in few seconds. Little or
no structural knowledge is required since inputs of the metamodels are the span and the
ring thickness of the structure. Thus, the proposed methodology can be extended and used
for a first, fast and accurate representation of the ultimate response of similar structural

systems.

Future work may involve the incorporation of image identification algorithms to the developed
neural networks. With an image identification algorithm added, a photograph of a masonry arch
can simply be supplied, read the geometry of the structure and feed it to the developed machine
learning tool to predict the structural response. This would make the proposed methodology useful
in structural health monitoring and site assessment for masonry arches. A system that quickly
evaluates the remaining strength using these concepts could be helpful for the maintenance of

these structures or during emergency situations after earthquakes or other disasters.

9. Appendices

In this section are provided descriptions of the source codes which have been developed to
generate the dataset points. The interested reader can use, as well as extend the codes, for instance
to generate more sophisticated (e.g. three-dimensional) geometries. All the source Matlab and
Python files that have been used to create the parametric finite element simulations, as well as the

datasets which have been used to train the artificial neural networks, accompany this article.

9.1 Central Matlab script

The central code in Matlab, which is used to create the parametric investigation of several
geometries of masonry arches, is included in the Matlab script: Appendix-1.m.

Within this script, the commercial finite element software (Abaqus) is called, using a Python
script (Appendix-2.py), to run a non-linear finite element simulation, for each arch geometry. The
coordinates of the four vertices of each masonry block of each arch, are generated in Appendix-

1.m script and saved in .txt files.
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9.2 Python script implementing non-linear finite element analysis

The Python code, which is used to implement the non-linear finite element analysis of each
parametric masonry arch geometry, is provided in the Python script: Appendix-2.py. Each
parametric geometry, defined in Appendix-1.m script, is imported in Appendix-2.py script. In this
script, all the steps of a finite element model can also be identified, including the material
properties, the mesh, the loading and boundary conditions, as well as the unilateral contact-
friction interfaces between the masonry blocks.

9.3 Matlab script generating results

The Matlab code which is used to generate results, is provided in the Matlab script: Appendix-
3.m. Within this script, the commercial finite element software (Abaqus) is called via a Python

script (Appendix-4.py), to provide the solution of the finite element analysis.

9.4 Python script generating results

The Python code, which is used to extract the results from the finite element simulations, is
included in the Python script: Appendix-4.py. The extracted results are the displacements at the

four vertices of each masonry block and the ultimate load.

9.5 Matlab script generating the deformed geometry of each masonry arch

The Matlab code, which is used to generate the deformed geometry of each masonry arch, is
included in the Matlab script: Appendix-5.m. Inputs to generate one geometry, are the initial
coordinates of the four vertices of each masonry block, as well as the displacements of the vertices

of the masonry blocks at the end of each finite element simulation.

9.6 Datasets

The generated datasets, which have been used to train the artificial neural networks are also
attached to this article in the form of an Excel spreadsheet: DataSet.xIsx. Within the datasets,
stable and unstable geometries are identified.

At each column of the Excel spreadsheet, the following dataset points, derived from each

parametric simulation, are provided: span of the masonry arch, thickness, ultimate load,
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thickness/span ratio, deformed geometry of the arch due to self-weight, deformed of the arch due
to point load (for the stable geometries).

Acknowledgments

Siphesihle Mpho Motsa has been supported by Erasmus+ Program within the framework of
action “International Credit Mobility” between the Technical University of Crete, School of
Production Engineering and Management and the University of KwaZulu-Natal, department of

Civil engineering under Structural Engineering & Computational Mechanics (SECM) Group.

117



References

Anastasio, S. 2020. Building between the two rivers: an introduction to the building archaeology
of ancient Mesopotamia. Building between the Two Rivers, 1-220.

Ashrafian, A., Panahi, E., Salehi, S., Karoglou, M., Asteris, P.G. 2023. Mapping the strength of
agro-ecological lightweight concrete containing oil palm by-product using artificial
intelligence techniques. Structures, 48, 1209-1229.

Beskopylny, A., Lyapin, A., Anysz, H., Meskhi, B., Veremeenko, A. & Mozgovoy, A. 2020.
Artificial Neural Networks in Classification of Steel Grades Based on Non-Destructive
Tests. Materials (Basel), 13.

Bekas, G.K. & Stavroulakis, G.E. 2017. Machine learning and optimality in multi storey
reinforced concrete frames. Infrastructures, 2, 6.

Block, P., DeJong, M. & Ochsendorf, J. 2006. As Hangs the Flexible Line: Equilibrium of
Masonry Arches. Nexus Network Journal, 8, 13-24.

Broomhead, D. S. & Lowe, D. 1988. Radial basis functions, multi-variable functional
interpolation and adaptive networks. Royal Signals and Radar Establishment Malvern
(United Kingdom).

Cavaleri, L., Barkhordari, M.S., Repapis, C.C., Armaghani, D.J., Ulrikh, D.V., Asteris, P.G. 2022.
Convolution-based ensemble learning algorithms to estimate the bond strength of the
corroded reinforced concrete. Construction and Building Materials, 359, 129504.

Chang, W. & Zheng, W. 2019. Estimation of compressive strength of stirrup-confined circular
columns using artificial neural networks. Structural Concrete, 20, 1328-1339.

Charalambidi, B., Koutsianitis, P., Motsa, S. M., Tairidis, G., Kasampali, A., Drosopoulos, G.,
Stavroulaki, M. & Stavroulakis, G. 2022. Modelling, identification and structural damage
investigation of the Neoria monument in Chania. Developments in the Built Environment,
10, 100069.

Civera, M., Mugnaini, V. & Zanotti Fragonara, L. 2022. Machine learning-based automatic
operational modal analysis: A structural health monitoring application to masonry arch
bridges. Structural Control and Health Monitoring, 29, e3028.

Cocchetti, G., Colasante, G. & Rizzi, E. 2012. On the Analysis of Minimum Thickness in Circular
Masonry Arches. Applied Mechanics Reviews, 64.

Conde, B., Drosopoulos, G., Stavroulakis, G., Riveiro, B. & Stavroulaki, M. 2016. Inverse
analysis of masonry arch bridges for damaged condition investigation: Application on
Kakodiki bridge. Engineering Structures, 127, 388-401.

Couplet, P. 1729. De la poussée des vodtes. Histoire de [’Académie royale des sciences, 79, 117-
141.

118



Dais, D., Bal, I. E., Smyrou, E., Sarhosis, V. 2021. Automatic crack classification and
segmentation on masonry surfaces using convolutional neural networks and transfer
learning. Automation in Construction, 125, 103606.

Drosopoulos, G., Stavroulakis, G. & Massalas, C. 2006. Limit analysis of a single span masonry
bridge with unilateral frictional contact interfaces. Engineering Structures, 28, 1864-
1873.

Drosopoulos, G. A. & Stavroulakis, G. E. 2018. A computational homogenization approach for
the study of localization of masonry structures using the XFEM. Archive of Applied
Mechanics, 88, 2135-2152.

Drosopoulos, G. A. & Stavroulakis, G. E. 2020. Data-driven computational homogenization using
Neural Networks, Journal on Computing and Cultural Heritage, 14, 1-19.

Elman, J. L. 1990. Finding structure in time. Cognitive Science, 14, 179-211.

Ferrero, C., Calderini, C. & Roca, P. 2023. Effect of joint deformability on the experimental and
numerical response of dry-joint masonry arches subjected to large support displacements.
Engineering Structures, 275, 115236.

Foce, F. & Huerta, S. 2005. On the safety of the masonry arch. Different formulations from the
history of structural mechanics. Essays in the History of Theory of Structures, 117-142.

Gaspér, 0., Sajtos, I. & Sipos, A. A. 2022. Multi-Hinge Failure Mechanisms of Masonry Arches
Subject to Self-Weight as Derived from Minimum Thickness Analysis. International
Journal of Architectural Heritage, 1-29.

Grandio, J., Riveiro, B., Soilan, M., Arias, P. 2022. Point cloud semantic segmentation of complex
railway environments using deep learning. Automation in Construction, 141, 104425.

Grillanda, N., Milani, G., Ghosh, S., Halani, B. & Varma, M. 2021. SHM of a severely cracked
masonry arch bridge in India: Experimental campaign and adaptive NURBS Ilimit
analysis numerical investigation. Construction and Building Materials, 280, 122490.

Hagan, M. T., Demuth, H. B. & Beale, M. 1997. Neural network design, PWS Publishing Co.

Hagan, M. T. & Menhaj, M. B. 1994. Training feedforward networks with the Marquardt
algorithm. IEEE transactions on Neural Networks, 5, 989-993.

Haykin, S. 2009. Neural networks and learning machines, 3/E, Pearson Education India.

Heyman, J. 1966. The stone skeleton. International Journal of solids and structures, 2, 249-279.

Heyman, J. 1967. On shell solutions for masonry domes. International Journal of Solids and
Structures, 3, 227-241.

Heyman, J. 1982. The Mansonry Arch, Chichester, UK: Ellis Horwood.

Heyman, J. 1995. The stone skeleton: structural engineering of masonry structures. Cambridge
University Press, Cambridge, UK.

Heyman, J. 1998. Structural analysis: a historical approach, Cambridge University Press.

119



Hooke, R. 1676. A description of helioscopes, and some other instruments, London, printed by
T.R. for John Martyn.

Ivakhnenko, A. G. 1971. Polynomial theory of complex systems. IEEE transactions on Systems,
Man, and Cybernetics, 364-378.

Jang, J.-S. 1993. ANFIS: adaptive-network-based fuzzy inference system. IEEE transactions on
systems, man, and cybernetics, 23, 665-685.

Jing, Y., Sheil, B. & Acikgoz, S. 2022. Segmentation of large-scale masonry arch bridge point
clouds with a synthetic simulator and the BridgeNet neural network. Automation in
Construction, 142, 1044509.

LeCun, Y., Bottou, L., Bengio, Y. & Haffner, P. 1998. Gradient-based learning applied to
document recognition. Proceedings of the IEEE, 86, 2278-2324.

Liu, D., Tang, Z., Bao, Y. & Li, H. 2021. Machine-learning-based methods for output-only
structural modal identification. Structural Control and Health Monitoring, 28, e2843.

Lourenco, P. B. 2002. Computations on historic masonry structures. Progress in Structural
Engineering and Materials, 4, 301-319.

Loverdos, D., Sarhosis, V. 2022. Automatic image-based brick segmentation and crack detection
of masonry walls using machine learning. Automation in Construction, 140, 104389.

Loverdos, D., Sarhosis, V. 2023. Geometrical digital twins of masonry structures for
documentation and structural assessment using machine learning. Engineering
Structures, 275, Part A, 115256.

Marquardt, D. W. 1963. An algorithm for least-squares estimation of nonlinear parameters.
Journal of the society for Industrial and Applied Mathematics, 11, 431-441.

Matlab 2021. release R2021a. Natick, Massachusetts: The MathWorks Inc.

McLean, T., Malaga-Chuquitaype, C., Kalapodis, N. & Kampas, G. 2021. OpenArch: An open-
source package for determining the minimum-thickness of arches under seismic loads.
SoftwareX, 15, 100731.

Melbourne, C. & Gilbert, M. 1995. The behaviour of multiring brickwork arch bridges. Structural
Engineer, 73.

Melchiorre, J., Manuello, A. & Marano, G. 2021. Application of a Machine Learning Algorithm
for the Structural Optimization of Circular Arches with Different Cross-Sections. Journal
of Applied Mathematics and Physics, 09, 1159-1170.

Milani, G., Lourenco, P. & Tralli, A. 2006. Homogenization Approach for the Limit Analysis of
Out-of-Plane Loaded Masonry Walls. Journal of Structural Engineering-asce - J
STRUCT ENG-ASCE, 132.

Milankovitch, M. 1904. Beitrag zur Theorie der Druckkurven. Dissertation zur Erlangung der

Doktorwirde, KK Technische Hochschule Vienna.

120



Milankovitch, M. 1907. Theorie der druckkurven, éditeur inconnu.

Mostafa, K., Zisis, I. & Moustafa, M. A. 2022. Machine Learning Techniques in Structural Wind
Engineering: A State-of-the-Art Review. Applied Sciences, 12, 5232.

Nasrabadi, N. M. 2007. Book Review: Pattern Recognition and Machine Learning. SPIE.

O’Dwyer, D. 1999. Funicular analysis of masonry vaults. Computers & Structures, 73, 187-197.

Ozmen, A. & Sayn, E. 2018. Linear dynamic analysis of a masonry arch bridge.

Panagiotopoulos, P. D. 1985. Inequality Problems in Mechanics and Applications: Convex and
nonconvex energy functions, Springer Science & Business Media.

Poleni, G. 1748. Memorie istoriche della Gran Cupola del Tempio Vaticano, Padua: Nella
Stamperia del seminario.

Prakash, M., Manikandan, S., Surenther, I., Aswin Kumar, M., llakkiya, S. & Menaka, D. 2019.
Speculation of compressive strength of concrete in real-time. International Journal of
Recent Technology and Engineering, 7, 988-992.

Psychas, 1.D., Schauer, M., B6hrnsen, J.U., Marinaki, M., Marinakis, Y., Langer, S.C.,
Stavroulakis G.E. 2016. Detection of defective pile geometries using a coupled
FEM/SBFEM approach and an ant colony classification algorithm. Acta Mechanica 227,
1279-1291.

Rahimi, A., Aval, S. B. B., Noori, M., Sarhosis, V., Wu, Z., Nikkhoo, A. & Altabey, W. A. 2022.
A simplified beam model for the numerical analysis of masonry arch bridges —A case
study of the Veresk railway bridge. Structures, 45, 1253-1266.

Reich, Y. 1997. Machine learning techniques for civil engineering problems. Computer-Aided
Civil and Infrastructure Engineering, 12, 295-310.

Rosenblatt, F. 1958. The perceptron: a probabilistic model for information storage and
organization in the brain. Psychological review, 65, 386.

Sadowski, L., Nikoo, M. & Nikoo, M. 2018. Concrete compressive strength prediction using the
imperialist competitive algorithm. Computers and Concrete, An International Journal,
22, 355-363.

Sarhosis, V., Bagi, K., Lemos, J. V. & Milani, G. Computational Modeling of Masonry Structures
Using the Discrete Element Method. 2016.

Simon, H. 1999. Neural networks: a comprehensive foundation, Prentice hall.

Simulia, D. S. 2013. ABAQUS 6.13 User’s manual. Dassault Systems, Providence, RI, 305, 306.

Stavroulaki, M. E., Drosopoulos, G. A., Tavlopoulou, E., Skoutelis, N. & Stavroulakis, G. E.
2018. Investigation of the structural behaviour of a masonry castle by considering the
actual damage. International Journal of Masonry Research and Innovation, 3, 1-33.

Stockdale, G., Yuan, Y. & Milani, G. 2022. The behavior mapping of masonry arches subjected
to lumped deformations. Construction and Building Materials, 319, 126069.

121



Tapkin, S., Tercan, E., Motsa, S. M., Drosopoulos, G., Stavroulaki, M., Maravelakis, E. &
Stavroulakis, G. 2022. Structural Investigation of Masonry Arch Bridges Using Various
Nonlinear Finite-Element Models. Journal of Bridge Engineering, 27.

Thai, H.-T. 2022. Machine learning for structural engineering: A state-of-the-art review.
Structures, 38, 448-491.

Tubaldi, E., Minga, E., Macorini, L. & lzzuddin, B. A. 2020. Mesoscale analysis of multi-span
masonry arch bridges. Engineering Structures, 225, 111137.

Wotowiec, E. & Kula, P. Practical Application of Artificial Neural Networks in Designing
Parameters of Steel Heat Treatment Processes. In: RUTKOWSKI, L., KORYTKOWSKI,
M., SCHERER, R., TADEUSIEWICZ, R., ZADEH, L. A. & ZURADA, J. M., eds.
Artificial Intelligence and Soft Computing, 2012// 2012 Berlin, Heidelberg. Springer
Berlin Heidelberg, 196-203.

Yuan, Y., Stockdale, G. & Milani, G. A novel fast and low-cost masonry monitoring strategy for
masonry arches. 2022 IEEE International Workshop on Metrology for Living
Environment (MetroLivEn), 2022. IEEE, 149-153.

Zampieri, P., Tetougueni, C. D. & Pellegrino, C. 2021. Nonlinear seismic analysis of masonry
bridges under multiple geometric and material considerations: Application to an existing

seven-span arch bridge. Structures, 34, 78-94.

122



Chapter 7 — Conclusion and Future work

7.1 Conclusion

This chapter summarises the findings of this study and presents recommendations for future work.
Detailed outcomes of the investigations which are conducted in this thesis, can also be found at
the end of Chapters 4-6. The main aim of the present study was to provide more insight in the

structural response of masonry systems using nonlinear finite element analysis.

In Chapter 4, a methodology to investigate multi-span masonry arches is proposed, starting from
laser scanning, and building numerical models towards the structural response. The geometry of
the arch bridge was obtained in-situ using terrestrial laser scanning, to collect a point cloud
describing the geometry, which is then converted to a 3D solid geometry using AutoCAD.
Numerical models were developed considering two modelling approaches, namely, the discrete
and the continuum. Within this framework, continuum damage laws were introduced to capture
compressive/tensile failure and a discrete model consisting of unilateral contact—friction
interfaces were developed to simulate the potential opening of interfaces in adjacent masonry
blocks. The discrete models were strongly nonlinear due to the presence of unilateral contact—
friction interfaces. The Newton—Raphson incremental—iterative process was used to solve the

numerical problem.

In this study, it was proved that the presence of fill above the arch barrel reduces the load
dispersion to the arch thus increasing the ultimate load. The numerical modelling of out-of-plane
loads, for instance the movement of supports in the direction of the waterway is highly unstable
and computationally expensive. It was noted that the critical failure mode pattern observed is the
hinge-mechanism which can be seen on both in-plane and out-of-plane loads. The classical four-
hinge failure mechanism can be observed when a vertical point load is applied at middle arch,
which has been depicted in classical studies for single-span arch masonry bridges. It is also shown
that the three-hinge mechanism, which has been depicted in literature for single-span arch
masonry bridges under a horizontal settlement of supports, may also be obtained for multi-arch

bridges.

In addition, it was shown that the continuum approach model results in easy modelling and is
computationally inexpensive. Tensile plastic strain distribution is the dominant failure pattern
depicted by this approach. From the two continuum constitutive descriptions, the smeared
cracking law results in convergence difficulties attributed to the brittle nature of this description.

The failure patterns that are obtained from the continuum concrete damage plasticity law are
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similar to the ones derived from the discrete approach. The discrete approach may lead to
numerical instabilities and increased computational cost due to the presence of multiple unilateral

contact—friction.

In Chapter 5, a methodology for the investigation and identification of the structural damage on
masonry buildings is provided, using as a case-study the Neoria monument in Chania. The
geometry of the structure is based on detailed geometric data, collected from sources and in-situ
measurements. A detailed 3D geometric model of the structure was created with computer aided
design (CAD) tools. A three-dimensional finite element model was then used to provide modal
analysis. The goal of the modal analysis was to identify the different material properties assigned

to different parts of the structure.

In this investigation, two- and three-dimensional models with unilateral contact—friction
interfaces were used in a modified push-over analysis. Various numerical models with different
loads were developed to investigate the cracks which are present on the different parts of the
structure. In particular, to understand the influence of longitudinal cracks on the different sections
of the monument, the following loads were considered in the framework of modified push-over
analysis: (a) Lateral movement of the abutment due to a horizontal point load, and (b) a vertical
displacement of supports. It was concluded that the longitudinal cracks are most likely caused by

a vertical displacement of supports 2 and 8.

Lastly, an XFEM method was adopted to provide a further insight on the transverse discontinuities
which are present on the structure. From the developed numerical models, it is observed that the
existing longitudinal cracks do not propagate with the chosen load application. One potential
reason for this, is the fact that these transverse cracks may not be considered as critical, since they
will not interrupt the structural integrity of the system. Thus, in-between their positions, intact

masonry arch parts will still be able to support the structural system.

In Chapter 6, a data-driven procedure for the investigation of the structural response of circular
masonry arches using machine learning is proposed. To build the artificial neural networks that
predict the structural response, 1862 nonlinear finite element models were developed and solved
providing databases for training. The proposed data-driven procedure can predict the structural
response when the masonry arches are subjected to two load cases: (a) self-weight only and (b)

self-weight and a 100kN vertical point load applied at quarter span.

The development of the database required the integration of MATLAB scripts, Python scripts and

a finite element software (ABAQUS). Two-dimensional geometries of masonry arches were
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created using a MATLAB script, where the coordinates of each of the vertices of the masonry
stones were extracted. The structural, finite element models were created using Python scripts
within MATLAB to drive the commercial finite-element software. The Python scripts ran within
MATLAB and the finite element software and created the geometry of the model by reading the
extracted coordinates of the masonry stones vertices. The script also adds the mechanical
boundary conditions, the subjected loads, and a unilateral law, used to simulate the contact-
friction between the masonry stones. Due to the nonlinearity of the models, the Newton—Raphson

incremental—iterative process was used to solve the numerical problem.

The neural networks used to predict the structural behaviour were built in MATLAB using the
Levenberg-Marquardt training algorithm. The 70/15/15 rule was adopted to train the neural
networks and 10 hidden layers were used. A total of 1862 data points were used to train the neural
networks with each data points consists of 160 variables expect for the target layer for neural

network C which had only one variable (the ultimate load).

The developed structural tool can be used to understand and investigate the structural behaviour
of circular masonry arch structures without the need for extensive computational cost. This can
be implemented within 26s and little or no structural knowledge is required since the inputs is just
the span and thickness of the structure. Thus, the proposed methodology can be extended and
used for a first, fast and accurate representation of the ultimate response of similar structural

systems. Structural health monitoring applications can also use the proposed methodology.
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7.2 Recommendations for further research

Following the comprehensive structural investigation on the response of masonry structures

presented in this thesis, there is scope for future work.

From Chapter 4, where a methodology to investigate multi-span masonry arches is proposed, the
influence of the spandrel walls on the mechanical response of masonry arch bridges can be
investigated. The role of the spandrel walls is to contain the fill material from spilling out.
Advanced numerical tools can used to model the cohesive behaviour of joint mortar even though

it is computationally expensive.

From Chapter 5, there is scope to advance the methodology highlighted in the investigation of the
structural damage on the Neoria monument. One of the future works can be attributed to the
complexity of a massive, monumental structure, where there are uncertainties in the material
properties. Currently there are efforts to implement nonlinear time history analysis, in order to
evaluate the ultimate response of the building under real earthquakes. A plan to reinforce the

monument will also be considered.

From Chapter 6, future work may involve the incorporation of photo identification algorithm to
the developed neural networks. This would make the proposed methodology useful in structural
health monitoring and site assessment of masonry arch structures. This system that can quickly

evaluate the remaining strength of structures following emergency situations, like earthquakes.
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CONFERENCE PAPERS

Paper 1: Structural Damage Investigation of the Neoria Monument in Chania
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Abstract. The structural investigation of Neoria masonry monument (venetian
arsenal of the 16" century) includes an explanation of the existing damages and
evaluation of their importance for further restoration and usage studies. Damages
have been recorded and materials at different parts of the structure have been
identified with several experimental techniques. A detailed geometric model of
the structure and a parametrized finite element model has been created. Existing
cracks and other defects have been collected during the experimental
investigation and the site inspections. They have been included in the model with
several simplification assumptions. A comparison of collapse predictions based
on modified pushover analysis on a model with cracks and more classical modal
analysis has been performed. An explanation of existing damages is attempted,
based on the predictions of the numerical models.

Keywords: Finite Element Analysis, Monuments, Pushover Analysis, Damage
Evaluation, Performance Prediction.

1 Introduction

Masonry structures have a peculiar mechanical behavior due to their no-tension
characteristics. Form of the structure and mechanics are working together, trying to
form a structure where all parts are mainly in compression, a loading that can be
accommodated even by raw stones without mortar. Settlement movement or
earthquake loadings disturb this picture and lead to activation of interfaces, damages
and eventually partial or total collapse. Detailed structural analysis including unilateral
interfaces and cracks is, in principle, possible [1].

Specific to study of historical masonry structures with vaults an accurate geometry
of the vaults and the spandrels is necessary in order to model the existing condition
including permanent deformations, weak material, cracks [2]. This is important for the
estimation of the structural strength and dynamic behavior considering the three
dimensional, effects of the vaults and the stabilization role of the spandrels [3].
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Two different approaches are reported here for the explanation of existing cracks
and damages in the Neoria structure (Fig. 1). First a classical modal analysis procedure
is followed and the areas of higher deformation in the structure are correlated with
damage patterns. Furthermore, a simplified two-dimensional model with unilateral
interfaces is used in a push-over like analysis, to investigate collapse modes and loads.
The results must be evaluated carefully, since pushover analysis has been developed
mainly for ductile structures, while unreinforced masonry has limited, practically zero
ductility.

Fig. 1. Neoria monument [Skoutelis et al. Intermediate Report, March 2021]

2 Pathology of Structure

For the structural model optimization, an analytical investigation of structure’s
damages was conducted. The purpose of the investigation was to include the existing
deteriorations in the finite element model. The identified deteriorations are both
biological (perforation, powdering) and mechanical (cracks, previous interventions
with incompatible materials). The most important deteriorations of those detected were
chosen to be included in the structural model. In Figure 2a all the cracks of the vaults,
a plan view of which is illustrated in Figure 2b, can be shown. Five cracks on the
vaults have been characterized as critical due to their depth and length as well as, three
cracks on the west wall are considered as important (Fig. 3).
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Fig. 2a. Plan View - Cracks Pattern on Fig. 2b. Plan view — Vaults (via Google

Structure’s Roof (vaults) [4] Earth)

[— West wall
[ Cracks N Vaults

- South wall

Fig. 3. Critical cracks (red and yellow annotation) on the vault and three critical cracks
(annotated in blue) on the west wall of the structure

The structural conditions of the 4™ and 6™ vault from the west due to poor
interventions are also considered as important (Fig. 4a, 4b). They have been imported
to the model as material with reduced strength (reduced elastic modulus).
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Fig. 4a. 4" vault - inside view Fig.db. 6" vault outside view

Characteristic cracks of the inside of the vaults and on the west wall are illustrated in
the followed Figures (Fig. 5a, 5b, 5¢)

Fig. 5a. Crack on vault — inside view Fig. 5b. Crack on wall — West view
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Fig. 5c. Biological Deterioration on the North Wall

3 Structural analysis modeling with cracks

From the in-situ investigation, the crack patterns have been documented. The finite
element model of the structure [5] has been enhanced with weak zones that model, in a
simplified way, the existence of cracks and other damages. In Figure 6, the simulation
of the critical cracked region of the structure are illustrated via proper partitioning of
the finite element model.

Model with cracked regions

Fig. 6. Simulation of cracked region via partitioning of the F.E. model
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From the analysis and the experimental investigation, it has been shown that higher
vibration is accumulated near the frequency of 15 Hz. Therefore, the correlation of
existing cracks with the maximum deformation patterns is shown in Figure 7.

Finite element model with cracks.

Fig. 7. 15 Hz eigenvalue shape of the structure (cracked model)

4 Unilateral crack models and push-over analysis

The mechanical behavior of unreinforced masonry structures is mainly based on
compression loads transferred between adjacent parts of it, for instance stones, and
secondary on frictional effects. This behavior is also known as unilateral, no-tension
behavior. The existence of mortar with unreliable and low tensile strength is neglected.
A further simplification for slender structures, like arches or domes, is based on the
introduction of unilateral contact interfaces that model the nonlinear behavior. The
activation or deactivation of contact, eventually with friction, during loading lead to
reduction of the strength of the structure and eventually collapse, due to the formation
of collapse mechanisms.

Following this method developed in our previous work [6-8] for masonry bridges, a
two-dimensional model for one and for the seven Arsenals in the East-West direction
has been created. A number of unilateral contact interfaces are included. By applying a
horizontal or vertical life load and gradually increasing it, similarly, to push-over
analysis, the unilateral interfaces are activated and eventually collapse is modeled.
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Careful application of this procedure, which is recommended by modern design
regulations for ductile structures, gave crack patterns that partially explain the
measured crack patterns at the outside walls of the structure. A vertical push-down
procedure is followed for the estimation of the vertical component of the earthquake.
Activation of cracks at the crown of the vaults can be explained by this procedure.
Crack patterns at the west part of the structure can be correlated with the results of the
full seven- openings model.

oS S
e
<>

Fig. 8. Collapse mechanism (Western Neorio), where the activation of cracks in the center of the
dome is clearly visible, as observed in the building.

Fig. 9. Indicative results from the whole two-dimensional model.

It must be repeated here that the results of pushover analysis have been used to give
indicative correlation with existing crack patterns. Due to lack of ductility of the
unreinforced masonry structure, they cannot be used for strength evaluation. From the
collapse type and the performance of the overall two-dimensional model it is observed
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that the most vulnerable areas are the extreme vaults. Pathology observation indicates
the appearance of longitudinal cracks in the vault of the western and eastern Neorio.
These cracks have caused the key vault to break on the north front. It is pointed out
that there is no immediate risk of collapse as evidenced by the collapse mechanism
which requires the development of cracks in other places of the vault as well as
movement of the spandrels (longitudinal walls). More analytical results of usage of
unilateral contact-friction interfaces integrated in limit analysis as developed within
non-linear finite element analysis of Neoria are presented in [9].

5 Conclusion

Limit analysis calculations and modal analysis results have been used in order to
explain damage and crack patterns found on the structure of the Neoria monument.
First a three-dimensional finite element model were used for the classical modal
analysis procedure and the areas of higher deformation in the structure were correlated
with damage patterns.

Furthermore, a simplified two-dimensional model with unilateral interfaces was
used in a push-over like analysis, in order to investigate collapse modes and loads. It is
known that model with contact interfaces can be used in the stability assessment of a
large monument [10] and in combination with optimization for the investigation of
structures with faults [11].

Form the analysis results it was concluded the important role of the west wall to the
failures of the 1*' Neorio vault. Additionally, the isolation of the masonry strength due
to lack of maintenance as well as earthquakes are the main causes of existing failures.
The understanding the mechanism of construction failure is basic to the next in
studying the required interventions.
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Paper 2: Discrete and XFEM Analysis for Crack Interpretation of the Neoria

Monument in Chania

Discrete and XFEM Analysis for Crack Interpretation of
the Neoria Monument in Chania

Siphesihle Mpho Motsa! 00020529 Georgios Drosopoulos W 0042520520 By
bara Charalambidi* """ 153410 panagiotis Koutsianitis“0000-0002-4252-6321',
Amalia Kasampali ' 001560273550 “Maria Stavroulaki ™0 %0 08257640 " Georgios

Stuvr‘)ul,‘lki"..‘m\l\ll-llﬂ\\.lﬂ‘l‘l-:”\l.
! University of Kwazulu-Natal, Durban, South Africa
* University of Central Lancashire, Preston, United Kingdom
' Technical University of Crete, Chania 73100, Greece

Abstract. In this article, a structural investigation of Venetian Neoria masonry
monument is presented. A comprehensive study of the current conditions of the
structure is conducted, adopting a combination of visual assessment and usage
of different numerical techniques. Previous experimental research has revealed
existing damage patterns in the form of cracks, that have been developed on the
structure over the post construction years. Goal of the article is to highlight the
different structural analysis techniques that can be used to provide a satisfactory
prediction of the structural behaviour of the monument. The numerical tools
which are used in the study, include usage of unilateral contact-friction inter-
faces integrated in limit analysis framework as well as developed within non-
linear finite element analysis. An initial effort is also presented, to simulate the
propagation of existing cracks using the Extended Finite Element method
(XFEM). In this framework, a parametric analysis is conducted to provide the
sensitivity of the number of masonry blocks used in the arches of the structure,
and the values of friction coefficient between the unilateral contact-friction in-
terface. The study exploits the possibility of adopting the mentioned numerical
tools, in order to provide an insight description of the existing damage pattern
of the monument.

Keywords: Masonry Arch, XFEM, Limit Analysis, Unilateral Contact-friction,
Damage identification,

1 Introduction

Masonry arches are among the oldest structural systems in the world. The technique
of building masonry arches was first seen in the 2nd millennium BC in Mesopotamian
brick architecture [1]. Arches develop their strength by transferring the applied load
into compressive forces, in a thrust line along adjacent masonry blocks [3]. When the
thrust line is found out of the section of the masonry blocks, opening of the interfaces
between the blocks takes place which can result in a hinge collapse mechanism [11].
Furthermore, compressive failure is unlikely on masonry arch structures.

Several research efforts have been presented in the last years, focusing on the in-
vestigation of the structural response of masonry arches. Different techniques have
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been developed, ranging from a quick estimation of the ultimate strength to a more re-
fined or exact evaluation of the ultimate strength. In more sophisticated numerical
models, details of damage like cracks can be observed. In [13], a finite element model
with unilateral interfaces is developed to predict failure in Mnajdra megalithic monu-
ment. In [6], unilateral contact-friction laws were used to simulate potential failure of
stone arch bridge due to various loads including settlement of supports and concen-
trated live load. A multi-scale model has been proposed in [7] adopting the extended
finite element method to capture arbitrarily oriented cracks and localization phenom-
ena in masonry structures. More efforts on numerical modelling of masonry structures
using the finite element method can be found in [2], [4], [15].

In this article, three numerical analysis techniques are explored for the evaluation
of the structural response of the Neoria structure. First, classical limit analysis is
adopted to perform a parametric investigation, aiming in calibrating the following nu-
merical models. The second technique relies on a 3-dimensional non-linear finite ele-
ment model which incorporates unilateral contact-friction interfaces to provide the
collapse mechanism and potential cracks. Finally, an initial effort is presented, to-
wards the investigation of damage using a 3-dimensional non-linear XFEM model.

2 In-situ structural investigation

The Venetian Neoria structure is one of the masonry monuments that can be found at
the Old Port of Chania in Greece. Results of the in-situ structural investigation, in-
cluding material properties based on various experimental techniques as well as map-
ping of existing cracks and damages are given in references [5], [9].

These cracks may have developed due to ground movement, caused by the settle-
ment of the supports, or earthquake activities. In subsequent pages they are called
“transverse” cracks. In Fig. 1 some “longitudinal™ cracks can also be identified, which
appear in the north to south direction and highlighted by green rectangles.

The first arch on the west side of the structure is severely affected by cracks. These
cracks may have been developed due to several openings on the west wall, as most of
the transverse cracks lead to the area where the openings appeared in the past. The
openings were later covered by walls, in an attempt to preserve the structure. The cov-
ered openings are highlighted in blue on Fig. 1.

3 Structural numerical models
3.1 Classical limit state analysis

A limit state analysis was carried out using LimitState:Ring [12]. Namely, a paramet-
ric analysis carried out to check the sensitivity of the ultimate load due to the esti-
mated coefficient of friction between the masonry stones and the number of masonry
stones that make up one arch. Table 1 show the geometrical parameters of the arch on
the west side which was used for the analysis, since it is the most damaged and it is
expected that it will provide a better sense of the condition of the structure.
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Table 1. Geometrical parameters of the damaged arch (west arch).

Shape of Span Riseat mid  Thickness Total Number
intrados (m) Span (m) (mm) Width (m) of units
Segmental 9.39 4.695 727 5.0 20

Fig. 1. Repairs and damages recorded from the in-situ investigation [5].
For the parametric analysis models, a 1 kN load was applied across the span of the

arch at 150mm intervals to identify the critical failure load of the arch and the position
it is obtained. The results from the parametric analysis are shown in Figs. 2 - 4.

100

Critical Load (kN)
o

Coefficient of Friction

Fig. 1. Parametric analysis showing the critical load vs the coefficient of friction between the
masonry blocks.
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From the parametric analysis, it can be observed that failure load increases, until coef-
ficient of friction reaches the value 0.47. The critical load observed is 87.9 kN when
the number of segments is set to 10. From previous studies, it has been shown that the
assumed coefficient of friction between the masonry blocks tends to give the upper
bound of the critical failure load if not coincide with the exact value of failure[10].
Therefore, for the rest of the models, a 0.5 coefficient of friction has been adopted.

17500
15500
13500

11500

Critical Load (kN)

95.00
- VWY WGU OO

ShhAbA oo
7500

5 10 15 20 25 30 35 40
Number of Mansory blocks

—a— Actual values from Limt State Analysts  ——3 Points Average

Fig. 1. Parametric analysis showing the critical load vs the number of masonry blocks

Fig. 1. The limit state failure mechanism of the first arch

In the next step, the number of masonry blocks that make up the ring were investi-
gated to determine the point at which the number of blocks has no significant effect
on the failure load. It can be noted from Fig. 3, that the critical load decreases with the
increase in the number of blocks until 10 blocks, whereby the critical load shows a lot
of noise. However, when the average of the corresponding critical load from 3 con-
secutive blocks is plotted, the noise in the critical load becomes insignificant after 20
blocks are used to make up the arch. Therefore, for the rest of the models, each arch is
made up of 20 masonry blocks.

It is noted that the failure mechanism obtained from the parametric models, corre-
lates to the longitudinal cracks that were observed on the first arch as mapped on Fig.
1. The mode of collapse is a four-hinge failure mechanism as shown in Fig. 4.

3.2 Finite element analysis

For the finite element analysis, a simplified 3-dimensional non-linear finite element
model is developed in Abaqus [14]. It is noted that comparing to limit analysis, the fi-
nite element models can provide more details such as the principal stresses, forces and
displacements which can be translated to force-displacement diagrams.
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The geometry shown in table 1 was used to create the numerical models. The lon-
gitudinal support provided by masonry walls were also included in the models. The
width of the structure is reduced to 3.5 m to simplify the analysis. The width of the
structure was chosen in such a way that it is not less than the effective width to ensure
that the width is not a limiting factor to the structural behavior. The effective width is
a function of the contact load area and how the load is redistributed in the arch as de-
fined by equation 1.

effective specified axle amount of load spread at extra distance to account for
width ~ or load contact area ' the loaded axle or contact area ' distribution within the arch

(1)

The finite element models developed in this paper are solved using the Newton-Raph-
son incremental-iterative procedure to deal with the nonlinear nature of the problem.
The nonlinearity is due to the opening-closure and sticking-slipping along the ma-
sonry stone interfaces. The models were developed with a fixed support and the self-
weight was incorporated in the loading condition. Two steps were used to create the
models: the first step was a pure gravity load to simulate the state of inertia of the
structure and to stabilize the model. The second step has an increased gravity load by
0,5g which was incrementally applied on the structure. The results from these models
are shown in Figs. 5 to 7.

The failure mechanism presented are shown in Figs. 5 - 7 correlate with the longi-
tudinal cracks observed on the structure in-situ and the damage pattern is similar to
the one observed in the limit state analysis. Also, the model with one arch has a simi-
lar failure pattern with the full structure of 7 arches, even though the failure pattern is
exaggerated on the one arch model. The hinge circled in yellow in Fig. 5 (model with
one arch) and Fig. 7 (full structure) shows an outwards opening, respectively. For the
model with the full structure, there is an influence of the adjacent arch to the first
arch, which acts as a probe which prevents/minimize the lateral movement of the
arch. This tends to minimize the overall displacement of the structure making it more
stable.
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Fig. 1. The failure mechanism of the first arch under finite element analysis.

i

Fig. 1. The displacement contour of the whole structure under finite element analysis.

Fig. 1. A close-up view of the failure mechanism of the first arch in whole structure analysis
under finite element analysis.

After the first group of models with increased gravity of 0.5g were analysed, it was
noticed that the longitudinal cracks/opening only developed on the first (west) arch
while on situ, also mapped on Fig. 1, longitudinal cracks are also visible in spans 2
and 7. In an attempt to understand the cause of the longitudinal cracks, more load
cases were investigated:

- (a) Lateral movement of abutment due to a horizontal point load

- (b) A vertical displacement of supports.

Fig. 1. (a) Deformation shape of first (west) span after a 100 kN horizontal point load has been

applied on the right hand-side abutment, (b) Deformation shape of fourth, fifth and sixth spans
after a 100 kN horizontal point load has been applied on the right hand-side abutment.

Fig. 8 shows the deformation of the structure after a 100 kN horizontal point load has
been applied on the right hand-side abutment. As shown on Fig. 8, multiple hinges
(circled in red) are observed on the first span which correlates to the experienced
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damage. The yellow circles show small hinge opening on fourth, fifth and sixth spans.
When the horizontal force is applied to the left hand-side abutment, no correlation to
the experienced damage arises.

Fig. 1. Deformation shape of the structure after 100 mm vertical settlement of supports 2 and 8.

Fig. 1. (a) Deformation shape of 1* and 2™ span after 100 mm vertical settlement of supports 2,
8, (b) Deformation shape of 5" and 7" span after 100 mm vertical settlement of support 1, 8.

Figs. 9-10 show the deformation of the structure after imposing a 100 mm vertical
(downwards) settlement of supports 2 and 8, as indicated by the red arrows. This
movement of supports may be due to poor ground conditions. Fig. 10 highlights in red
circles the hinge openings which might have resulted in the real cracks obtained in
situ, as there is a high correlation of the positions of the cracks observed in the numer-
ical model (Fig. 10) and in the real conditions (Fig. 1). The hinge opening on the fifth
span (highlighted in yellow) is quite small, similar to the real image. It can be con-
cluded that the longitudinal cracks are most likely to be caused by a vertical displace-
ment of supports 2 and 8.

3.3 Analysis within the extended finite element method

The extended finite element method (XFEM) is an extension of the conventional fi-
nite element analysis. It allows for cracks to be modelled independently of the mesh,
permitting the propagation of the crack along an arbitrary, solution-based path [8].
The main concept of this method is to use the partition of unity property and properly
enrich the nodal displacement approximation. The enrichment is implemented using
appropriate enrichment functions, as provided by relation (2).

Within the XFEM method, a domain containing a discontinuity, is considered. This
may involve a discontinuous displacement (strong discontinuity) or a discontinuous
displacement gradient (weak discontinuity). A strong discontinuity can be used in nu-
merical modelling to represent a crack, developed in a structure.

For a 2-dimensional geometry, a strong discontinuity is depicted by a line located
in the finite element mesh. According to the core concept of the XFEM method, the
nodes of the elements which are cut by the discontinuity are enriched, using appropri-
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ate functions. These enrichment functions are used for the nodes of split elements
(thus, elements which are cut by the discontinuity) and for the nodes of tip elements
(elements which contain the crack tip). For the enrichment of the split elements, the
Heaviside function H is used as given in relation (2). For the tip elements, the branch
functions F are introduced.

N 4
u= N,(x||u+H|(x|a+> F,(x)b )]
I=1 a=1

For the structure which is investigated in this article, an XFEM model is developed in
Abaqus [14] to capture the transverse cracks. A simplified 3-dimensional geometry
of the full structure is considered, similar to the full structure in the traditional FEA. A
maximum principal stress (Maxps) is adopted to define the traction-separation law
which is used to determine the response of the discontinuities. Crack propagation
takes place when the stress in the domain of the crack tip reaches this maximum prin-
cipal stress. Values of The Maxps for different elements of the structure are shown on
table 2. For all the cases, the displacement at failure was considered to be equal to
0.001 m. In this study, the initial cracks were inserted on the first, second, third and
seventh spans of the structure as observed on situ. For the mechanical conditions, a
100 mm vertical displacement of the second and eight support was applied together
with a 100 kN horizontal force on the left abutment as shown on Fig. 11. The result
from this model is shown in Figs. 12 - 15.

Fig. 1. Deformation shape of the structure after a 100 kN horizontal point load has been applied
on the further left hand-side abutment together with a 100 mm vertical displacement on the 100
mm vertical displacement of the second and eight support.

Table 1. Maximum principal stress (Maxps) used for XFEM model.

Material Location Maxps (MPa)
Domes with semi - carved stones, strong mortar and an average 0.774
Ml .
thickness of 0.80 cm
M2 Arches ending in the north with carved stones and strong mortar 1.116

(thickness 0.60-0.65 cm)
Longitudinal masonry 1.20 -1.90 m thick with carved stones in 0.2016

M3
the outer layers and strong mortar

M4 Longitudinal masonry 2.80 - 3.30 m thick with stones in the outer 0.136
layers and strong mortar

M5 Neoria dome 6 with operation with shotcrete and hooks of shape -

p.
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Fig. 12 shows the initial position of the transverse cracks which are introduced on the
model. According to the results of this investigation, the longitudinal cracks which
were observed on the conventional finite element analysis with similar load condi-
tions, are also observed under the extended finite element model. Further investiga-
tion needs to be conducted, in order to provide more details for the interaction be-
tween longitudinal and transverse cracks and the influence of their interaction on the
structural response.

Fig. 1. Transverse cracks on the different spans of the structure.

Fig. 1. Close-up cracks on the first span and second span after the analysis.

Fig. 1. Close-up crack on the third span of the structure after the analysis.

150



10

Fig. 1. Close-up crack on the seventh Span on the structure after the analysis.

4 Conclusion

Three numerical approaches are used in this article, for the structural evaluation of an
ancient masonry structure consisting of arches. First, limit analysis is adopted and
parametric investigations are conducted, providing necessary information for the sub-
sequent finite element analysis. This investigation focuses on appropriate values of
the friction coefficient and on the number of blocks which are considered to simulate
the arch. A 3-dimensional non-linear finite element model is also developed, using
unilateral contact-friction interfaces, to simulate the contact condition and potential
damage between the stones of the arches. Finally, the XFEM method is adopted to
provide a further insight of the structural response, by considering transverse disconti-
nuities.

The developed models can represent the existing failure pattern. Results of the in-
vestigation indicate that vertical settlement in some of the supports may have caused
the existing damage pattern of the structure. The concurrent consideration of trans-
verse cracks by using the XFEM method and longitudinal cracks by using unilateral
contact-friction interfaces has been tested and it needs to be further investigated. More
work is needed, towards a further insight on crack propagation and reinforcement sug-
gestions for the monument.
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