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ARTICLE INFO ABSTRACT
Keywords: In the history of our civilization, masonry structures date back thousands of years. Considering the different
Masonry structures types, geometries, and arrangements of masonry components, as well as the mortar properties, defining
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“masonry” precisely is challenging. Construction of masonry structures relies on layering single components
and binding them using mortar or crafting them with stones without mortar. Despite many advantages,
masonry structures remain one of the most vulnerable construction types. Many of these structures have not
been designed to withstand seismic loads. Generally, their structural systems have been designed primarily to
withstand gravity loads. Consequently, moderate earthquakes can cause extensive damage and destroy entire
cities. Therefore, the assessment, repair, and retrofitting of these structures is vital to society’s well-being. First,
this study describes masonry structures and their mechanical and structural characteristics. Next, methods
for detecting and classifying common types of damage are presented. Subsequently, a comprehensive review
of assessment, repair, and retrofitting methods for masonry structures is provided. Machine learning (ML)
techniques have proven to be exceptional tools for providing accurate and reliable information. In this paper,
descriptions and recent advances in ML techniques for the assessment, repair, and retrofitting of masonry
structures are presented. These models can be utilized for several predictive applications, such as determining
possible damage scenarios in heritage buildings, assessing seismic vulnerability, detecting superficial surface
damage, and selecting mortar compositions for optimal mechanical properties. Furthermore, structural health
monitoring (SHM) methods applicable to masonry structures are discussed. The study concludes with case
studies, and an extensive discussion of existing methods, challenges, and recommendations for future work.
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1. Introduction

Masonry structures, among the oldest man-made constructions still
in use, have seen evolving construction techniques over time. Various
types of stones, bricks, and blocks have been stacked, with or without
mortar, in the construction of these structures. Throughout history,
there have been numerous changes in masonry materials, methods, and
applications [1,2]. The progress of masonry construction was shaped by
various factors, encompassing regional economic conditions, cultural
influences, the availability of equipment and labor, and accessibility to
materials. In ancient times, individuals employed materials like wattle
and daub, bark, skins, and turf to construct shelters for their safety.
Over time, more sophisticated structures made of clay, wood, and
stone emerged as advancements from simpler construction methods.
The choice of building materials has significantly contributed to the
overall development of human civilization [3,4]. The cast-iron beams
and columns of the 19th century led to the development of structural
masonry. The development of skyscrapers following the turn of the cen-
tury reduced the need for large masonry piers at ground level [5]. With
the introduction of guidelines for the design of reinforced concrete (RC)
structures in the early 20th century, masonry declined in popularity as
a structural material. As RC emerged as a strong, durable, adaptive,
and affordable material, several developed countries gradually reduced
masonry from structural applications [6]. Over the past few decades,
reinforced masonry has evolved as a cost-effective and dependable con-
struction material, particularly in earthquake-prone regions, owing to
its favorable cost-benefit analysis. A diverse range of structures, such as
hotels, residential housing, offices, commercial buildings, educational
institutions, and warehouses, have been successfully constructed using
reinforced masonry [7-9]. Recommended construction techniques in-
volve utilizing two-cell blocks filled with grout, reinforced concrete,
horizontal bond beams, and vertical tie beams. Additionally, confined
masonry practices are frequently adopted in developing countries, as
the modifications from unreinforced masonry construction are rela-
tively minimal. By embedding small sections of reinforced concrete
both vertically and horizontally within the masonry, the shear and
flexural strengths can be improved. These techniques offer a greater
level of ductility and enhanced energy dissipation [10,11].

Preserving historic masonry structures, whether they are celebrated
monuments or local vernacular buildings, is crucial for safeguarding
cultural heritage. Heritage serves as the vibrant memory of a coun-
try’s history and development and, therefore, should be conserved
to the fullest extent possible. Considerable expertise has been gained
in the restoration and rehabilitation of damaged masonry buildings
over the past decades. Instances of wartime destruction have prompted

the reconstruction of monuments and historic centers, as seen in the
restoration of Warsaw’s center, for example. Post-World War II, certain
restoration efforts were carried out following prolonged periods of
neglect and inadequate maintenance [12,13]. Prevention and reha-
bilitation can only be successfully accomplished when an accurate
evaluation of the damaged state of a structure has been conducted [14].
Therefore, it becomes evident that a comprehensive comprehension
of the mechanical and structural dynamics, assessment techniques,
as well as repair and retrofitting methods for masonry structures is
indispensable to guarantee the success of any maintenance program.
The following section offers an overview of the mechanical behavior of
masonry structures.

Various types of masonry exhibit a weakness in tensile strength, a
characteristic that played a pivotal role in the design of ancient con-
structions. Investigating ancient structures poses substantial challenges
due to the diverse range of materials used, variability within a struc-
ture, and the complexity involved in replicating these characteristics
in reconstructed specimens. Consequently, the majority of empirical
research in the past decade has concentrated on exploring the design
implications of brick and block masonry [15,16]. Essentially, masonry
can be broadly classified into unreinforced and reinforced categories.
A reinforced masonry structure exhibits a tensile strength comparable
to that of a reinforced concrete structure. As a result, conventional
methods for designing and analyzing reinforced concrete structures are
applicable in such cases, as the relevance of nonlinear constitutive
behavior and orthotropic behavior diminishes. In contrast, unreinforced
materials tend to display nonlinear constitutive behavior due to their
limited tensile strength. The results from seismic analyses and assess-
ments of existing structures corroborate this observation [8,17,18]. Ab-
bass et al. [19] showed that graphene/polyurethane nanocomposite
coatings can enhance the mechanical performance and environmental
resistance of natural fibers for masonry retrofitting. They reported a
120% and 163% increase in tensile strength and elastic modulus, re-
spectively. Brinkmann and Wiehle [20] aimed at developing a practical
approach to assess the impact of different material moisture contents
on the mechanical properties of unstabilized earth masonry. Their
findings indicated a linear correlation between compressive strength
and elasticity modulus with relative humidity. In contrast, changes in
temperature under constant relative humidity showed no significant
impact. The following section will delve into the mechanical behavior
of masonry structures.

As a material experiences ongoing deterioration, its resistance to
load-deformation diminishes, resulting in material softening. The oc-
currence of progressive internal cracks and the accumulation of damage
within quasi-brittle materials are common factors leading to failure in
such materials. Masonry materials, including bricks, ceramics, concrete,
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mortar, and stone, often demonstrate this characteristic. The hetero-
geneity of the material, arising from various phases and defects within
the mortar matrix, is attributed to this behavior [21]. Several factors
contribute to the formation of microcracks in masonry materials. In
bricks, microcracks arise from the shrinkage that occurs during the
burning process. In mortar, microcracks are present before loading due
to curing shrinkage and the presence of aggregates. Stones often contain
inclusions and microcracks as well. The deformation of the material can
lead to the progressive growth of cracks, influenced by factors such as
changes in strength and stiffness [22]. Microcracks start as stable; how-
ever, their growth becomes more pronounced with increasing loads. At
peak load, there is an acceleration in crack formation, resulting in the
emergence of macro-cracks, which are less stable compared to microc-
racks. Consequently, a decrease in load becomes necessary to prevent
uncontrolled growth. The characteristics of masonry are significantly
influenced by the properties of its individual components [23].

Masonry structures commonly exhibit their greatest vulnerability at
the junctions where the masonry components connect to the mortar. A
notable feature of masonry behavior is its nonlinear response, partic-
ularly at these joints [24]. The behavior is notably influenced by the
interface between the mortar and the unit. The failure of this interface
is governed by two distinct fracture modes:

1. Mode I is related to tensile failure, and
2. Mode II is related to shear failure.

Masonry structures are particularly susceptible to earthquake loads,
often experiencing significant structural failures even in moderate seis-
mic events. The collapses of masonry structures contribute significantly
to economic losses and pose a threat to human lives. Consequently,
implementing seismic retrofitting techniques becomes crucial for en-
hancing the safety and integrity of masonry structures [25,26]. Fig. 1
presents the distribution of URM buildings and the number of all
buildings (in millions) in European countries. For further informa-
tion, Pagani et al. [27] illustrated the seismic hazard map of European
and Middle-Eastern countries.

Various repair and retrofitting methods have been proposed as an
alternative to demolishing aged masonry structures. These methods
can be applied to masonry constructions to recover and increase their
strength and ductility [29,30]. Preserving the structure and ensur-
ing successful rehabilitation necessitate the control of damage and
comprehensive assessments before any intervention. Monitoring the
effectiveness of repair techniques during and after the repair process
is also crucial for a successful outcome.

The period from 2000 to 2023 witnessed a significant increase
in research emphasis on evaluating masonry structures, as evident in
the findings from Scopus. However, other crucial aspects of masonry
maintenance programs, namely repair and strengthening, have not
received comparable attention from the research community. Fig. 2
shows a graphical presentation of the research trend during in this field,
categorized by “Masonry Repair”’, “Masonry Retrofitting”, “Masonry
Assessment”, “Masonry Monitoring”, and “Masonry Strengthening”.
The presentation illustrates an overview of the research interest in the
related topics over the years.

Furthermore, Fig. 3 provides a detailed breakdown on these re-
search topics, which revealed more in-depth development on each
specific aspect of masonry maintenance distributed throughout the
studied period. The analysis of these figures highlights the growing in-
terest in assessing masonry structures while also indicating the need for
more attention to be directed toward research on repair and strength-
ening methods. Overall, these findings contribute valuable insights into
the research landscape concerning masonry maintenance, aiming to
drive future research and development efforts in the field.
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2. Assessment of masonry structures

The seismic vulnerability of masonry buildings in various regions
has been a subject of considerable research interest, especially fol-
lowing significant earthquake events. Understanding the performance
of such structures during seismic events is crucial for assessing their
resilience and informing retrofitting strategies to mitigate potential
damage. Table 1 presents a summary of key findings from selected stud-
ies focusing on seismic performance evaluations of masonry structures
following earthquake events in different geographical locations.

Structural evaluation is a systematic process that involves assessing
structures in terms of their current strength, and performance, and
predicting their future reliability. Masonry structures require regular
inspections to ensure their structural safety and mitigate the risk of
collapse. This section presents a general classification of damage levels
in masonry structures 2.1, along with an overview of testing strategies
2.2 and monitoring approaches for these structures 2.3.

2.1. Classification of damage levels in masonry structures

Damage can be defined as changes in the geometric characteristics
or material of a structure, affecting its current and future performance.
Various types of damage have been observed in masonry structures
resulting from different events. The inadequate tensile strength of these
structures has been attributed as the most influential factor in the
occurrence of damage. The seismically vulnerable characteristics of
masonry structures include [35,36]:

an insufficient level of integrity between the load-bearing compo-
nents,

weak wall connections, which cause the failure of box action,
extensive unsymmetrical openings resulting in the inability to
resist lateral loads,

cantilever wall behavior in long unsupported walls,

soft-story effects, and

reduction in load-carrying capacity due to the delamination of
walls.

The European Macroseismic Scale (EMS-98) offers a standardized
method for assessing damage in masonry structures following earth-
quakes or other seismic events. It categorizes damage severity into five
grades. Each grade is linked to specific types and the extent of observ-
able damage. Beginning with Grade 1, characterized by negligible to
slight damage, there is typically no structural compromise, with only
minor non-structural issues such as hairline cracks in a few walls or the
occasional fall of small plaster pieces. Advancing to Grade 2, damage
becomes more pronounced, with cracks appearing in numerous walls
and larger pieces of plaster falling. Chimneys may experience partial
collapse. Grade 3 signifies substantial to heavy damage, with extensive
cracks in most walls, roof tiles detaching, and chimneys fracturing at
the roof line. Structural elements like partitions and gable walls may
fail. Grade 4 marks very heavy damage, featuring serious wall failure
and partial structural collapse of roofs and floors. Finally, Grade 5
represents utter destruction, with total or near-total collapse, indicative
of very heavy structural damage [37].

Table 2 presents impairment types in masonry structures.

Cracking is the most common damage type in masonry structures.
The classification of cracks in masonry structures based on crack sever-
ity is presented in Table 3 [43,44].

Based on research conducted on earthquakes-damaged masonry
structures, the following summarizes the related findings [45,46]:

1. Non-load-bearing panels tend to fail more frequently than load-
bearing panels,

2. generally, element failures tend to be progressive,

3. with the failure of an element, the failure risk of adjacent
components increases,
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. in the case that two corners fail, any panel between them is

unrestrained and improbable to remain stable, and

ments.

2.2. Testing strategies for masonry structures

. corners have a greater probability of failure than mid-wall ele-

This subsection presents testing strategies for masonry structures,
including visual inspections (Section 2.2.1), non-destructive testing
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Fig. 3. Breakdown of various maintenance issues studied for masonry structures.

Table 1

Basic conclusions on masonry structure performance in selected earthquakes.

Ref Earthquake Location

Basic conclusions

[31] Emilia, 20 May 2012 Italy

The majority of older masonry buildings were constructed using
fired clay bricks, and their seismic performance, despite being
primarily designed for vertical loads, was generally satisfactory
during the earthquakes, which had peak ground accelerations (PGA)
of 0.25-0.3 g. The seismic design became mandatory in the area
only in 2003, resulting in modern masonry buildings, especially
those incorporating seismic design and proper detailing, showing
significantly better performance compared to older structures. The
paper presented examples illustrating the superior performance of
seismically designed modern masonry buildings compared to their
older counterparts.

[32] Zagreb, 22 March 2020 Croatia

This paper highlighted the seismic vulnerability of historical
buildings in Zagreb, Croatia. The conclusions suggested that no
single analysis method adequately addresses all failure modes,
recommending a combination of nonlinear static or dynamic
analysis and out-of-plane analysis.

[33] Kahramanmaras, 6 Tiirkiye

February 2023

The most common failure mechanisms observed are out-of-plane
behavior and corner failure, often triggered by inadequate
connections, low material strength, and poor workmanship. In-plane
failures result from irregular door and window openings, and many
buildings lack sufficient lintel bands for seismic performance. The
study concluded with an examination of strengthening methods for
masonry structures with light to moderate damage, along with
recommendations.

[34] Christchurch, 4 New Zealand

September 2010

Common failure types included parapet and chimney failures,
out-of-plane facade wall failure, and in-plane damage. Water ingress
was identified as a significant contributor to mortar deterioration.
Laboratory tests on mortar samples from damaged buildings showed
low compressive strengths, consistent with on-site observations.
Preliminary case studies highlighted various failure modes in URM
buildings. Retrofitted URM buildings generally fared well, with
minimal damage observed, though parapet and chimney collapses
were noted due to insufficient lateral support. Case studies were
retrofitted using different methods, such as steel and concrete
moment frames, steel brace frames, and surface-bonded FRP
materials.

(NDT) and minor destructive testing (MDT) (Section 2.2.2), as well as
destructive laboratory testing (Section 2.2.3).

2.2.1. Visual inspections
Visual inspection serves as a straightforward, non-destructive eval-
uation technique for masonry structures. It enables a rapid assessment

of structural issues, aiding in the selection of suitable remedial mea-
sures. Additionally, visual inspection assists in planning diagnostic mea-
sures, and maintenance operations, validating the accuracy of design
drawings, and identifying the degradation of materials and structural
components [47].

A drone, also known as an Unmanned Aerial Vehicle (UAV), is
an aircraft that operates without a human pilot on board. Drones
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Table 2
Typical damages in masonry structures.
Impairment Common cause(s) EMS-98 grade Potentially affecting Ref
structural performance
Cracking « Settlement 1to4 v [38,39]
« Ground deformations
« Poor mortar
preparation
Moisture Penetration « Highly permeable material 1 v [40]
« Humid environment
« Freezing and thawing
Bond Failure « Adhesion lose within materials 2to4 v [41]
Displacement « Inadequate anchors for lateral support 2to 4 v [42]
« Corrosion of steel elements
« Freezing and thawing
Table 3

General classification of damage levels due to cracks in masonry structures.

Damage level Description

Potential consequences

Negligible damage
than 0.1 mm) and differential settlement less
than 3 cm fall under this damage class. The
angular rotation of negligible crack damage is
less than 1/300.

Structures with hairline cracks (crack-width less

Dam- ages are non-structural. In a few cases,
small pieces of plaster fall.

Slight damages
crack width of 3 mm and a differential
settlement of 4 to 5 cm. The angular rotation
varies between 1/140 and 1/175.

In this category, structures undergo a maximum

Moderate non-structural damages are present in
the masonry system. Cracks are apparent in
most of the walls, as well as the crumbling of
larger plaster pieces.

Moderate damage The width of the cracks in this category varies

from 5 to 15 mm. The differential settlement is

between 5 and 8 cm, and the angular rotation
changes from 1/175 to 1/120.

Most of the walls undergo extensive cracks.
The structural damages are of moderate
severity, whereas the non-structural damages
are substantial. Additionally, failure of the
non-structural components has been reported in
some cases.

Severe damage In severe damages, the angular rotation varies
from 1/120 to 1/70, and the differential
settlement is between 8 and 13 cm. Extensive

cracks with 15 to 25 mm width are present.

Partial failure

represent an emerging technology with diverse potential applications in
civil engineering. Visual inspection often presents challenges, especially
when accessing inspection locations is difficult, poses safety risks for
inspectors, or urgent reactive inspections are economically impractical.
Introducing advanced technologies like drones in this context can
bring substantial benefits. Drones offer advantages such as high speed,
safety for workers, cost-effectiveness, instant data sharing with multiple
stakeholders, and the ability to navigate through automated flights.
Utilizing drones for visual inspection serves as the initial phase of a
comprehensive survey campaign, allowing for the planning of further
diagnostic investigations [48,49].

2.2.2. Non-destructive testing (NDT) and minor destructive testing (MDT)

NDT and MDT techniques enable the assessment of the in-situ
condition, geometry, and engineering properties of existing masonry
structures using minimal to no intrusion. A general overview of com-
monly used NDT and MDT methods for masonry structure assessment
is presented in the following.

« Flat Jack Testing: An important aspect of evaluating existing
masonry structures is estimating the level of compressive stress
on the walls and pillars. In engineering practice, a combination
of loads on a structure is commonly used to estimate compressive
stress. Such calculations are usually subject to large margins
of error due to the lack of accurate documentation of existing
masonry structures. The flat-jack method is a practical MDT
for assessing the stress state in masonry structures. Using this
method, compressive stress levels are evaluated directly from
in-situ testing [50-55].

Flat Jacks-Shear Compression Test (FJ-SCT): The FJ-SCT method
was developed utilizing flat jacks to apply horizontal loads. This
approach greatly reduces the impact of the test, making the
testing technique applicable to a wide range of existing buildings
[56].

Impact Echo Testing: Impact-echo testing is an NDT method
based on multiple reflections of an acoustical wave between the
test surface and an interface between materials with different me-
chanical impedances. An impact load is applied to the structure,
and a receiver records the vibrations that result from the impact.
A time domain waveform is produced as a result [57,58].
Ground-Penetrating Radar (GPR): GPR is an NDT method that
can provide information about internal damage, foundation con-
ditions, embedded material thicknesses, and moisture zones [59,
60].

Thermography: Thermography is an NDT method for masonry
wall evaluation. It has been shown to be practical for crack
detection and localization in masonry walls [61-63].

Ultrasonic Pulse Velocity: Ultrasonic Pulse Velocity (UPV) is
an NDT technique widely used in laboratory-based investigations
and on-site material characterization and damage assessment. It
involves the transmission of high-frequency sound waves above
20 kHz through the tested structure in order to measure the
velocity of the wave passing through the material [64,65].
Impulse Radar Testing: The purpose of this NDT test is to detect
subsurface delamination. It can also be used to detect internal
cracks and voids. The impulse radar testing method can provide
accurate images of the internal condition of elements and can be
used for large surface areas [66].
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» Borescope Method: The borescope method is commonly used to
examine small voids or inaccessible areas. It can provide infor-
mation regarding the depth of the outer layer of materials and
may be used to examine the mortar between bricks or natural
stones [67].

Operational Modal Analysis (OMA): OMA, also known as in-
operation modal analysis, output-only modal analysis, and ambi-
ent modal identification, is a technique employed to determine
the modal parameters of a structure. This approach involves
collecting vibration data while the structure is in its operational
state. OMA proves particularly useful in situations where the
structure is too large to be effectively excited artificially or when
a complete system shutdown is not feasible. In OMA, modal
parameters are identified based on ambient forces or forces gen-
erated by cyclic loads acting on the structure as the excitation
source. As these excitations are not precisely known, OMA re-
lies solely on measurable response data. Various algorithms are
utilized to extract modal parameters, ensuring a comprehensive
analysis [68,69]. The insights gained from OMA can contribute
to more informed decision-making in maintenance, retrofitting,
and seismic risk mitigation, ensuring the longevity and safety of
masonry structures in diverse operational conditions [70].

Sonic Testing: The sonic pulse velocity method is a
non-destructive technique employed to diagnose existing ma-
sonry structures and assess the efficacy of interventions. Valluzzi
et al. [71] presented a comparative study on the reliability of
sonic pulse velocity as a non-destructive method for diagnosing
in-situ masonry structures. The findings offered valuable guid-
ance for optimizing sonic wave transmission tests in pre-existing
masonry constructions. Focusing on seismic-vulnerable historic
urban cores in southern Europe, Ortega et al. [72] determined
that both flat-jack and sonic pulse velocity tests are effective
for estimating the elastic properties of existing masonry. Their
study offers a comprehensive dataset and insights into challenges
associated with on-site testing. Sajid et al. [73] studied the con-
struction industry in southern Asia and discussed the transition
from burnt clay bricks to concrete masonry units.

2.2.3. Laboratory testing

Laboratory testing of masonry structures is conducted for differ-
ent objectives as described in the following. Various test setups have
been employed to characterize the tensile behavior of the unit-mortar
interface [74,75]. These experiments include:

+ bond-wrench flexural testing,

+ three-point flexural testing,

+ four-point flexural testing,

* tension testing,

- splitting test, and

» compression test of cylindrical samples core.

Furthermore, Frumento et al. [76], Stepinac et al. [77], Tomi¢ et al.
[78], Beyer and Dazio [79], and Bosiljkov et al. [80] provided valuable
information about laboratory testing methods for masonry structures.

Establishing a uniform distribution of stress in masonry joints is
crucial to meet their designed shear strength. However, due to equi-
librium constraints, the joints experience non-uniform normal stresses,
posing a challenge to achieving this objective. The composite material
exhibits anisotropic behavior, influenced by the relationship between
the loading direction and the material axes. Specifically, this involves
the directions parallel and normal to the bed joints [81]. Determining
the constitutive behavior of masonry under biaxial stress conditions is
challenging solely based on its response to uniaxial loading. To address
this, a biaxial strength envelope has been established by examining
the effects of biaxial stress up to the peak stress. This characterization
cannot be accurately described in terms of principal stresses due to
the anisotropy of masonry [82,83]. The biaxial strength envelope of
masonry can be defined in the following two ways:
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1. The primary stresses, along with the angle of rotation between
these principal stresses and the material axes and
2. the complete stress vector within a defined set of material axes.

Performing compressive strength tests is a straightforward and con-
venient method that offers valuable insights into the overall condition
of the tested materials. However, correlating tensile strength with
compressive strength poses challenges due to variations in factors like
manufacturing processes, shapes, and materials [84]. Prior to the recent
introduction of numerical techniques for masonry structures, the only
relevant structural material property was considered to be the compres-
sive strength in the direction perpendicular to bed joints. The stacked
bond prism, a frequently used test, was employed to determine this
uniaxial compressive strength. However, the impact of this type of sam-
ple on the strength of masonry remains unclear. It has been noted that
the difference in elastic properties between mortar and unit serves as a
precursor to compression failure. Additionally, uniaxial compression of
masonry induces compression/biaxial tension and triaxial compression
in the unit and the mortar, respectively [85,86]. The load-bearing
capacity is notably affected by the resistance to compressive loads along
the bed joints. Nevertheless, conventional masonry displays anisotropic
characteristics, particularly in the reduced longitudinal compressive
strength of its units caused by detrimental perforations [87].

Choosing the most effective testing method for masonry structures
depends on various factors, including the structure’s value, available
budget, location, type of structure, available equipment and exper-
tise, and the current condition of the structures. Despite these limita-
tions, there is no universally recognized best testing strategy, as the
effectiveness of methods varies from one structure to another.

2.3. Monitoring of masonry structures

SHM entails the ongoing and automated monitoring of structures
through regularly sampled structural responses and operational en-
vironment measurements collected from an array of sensors. These
measurements are then analyzed to assess the current condition and
predict the future performance of a structure. [64,88]. Monitored data
is additionally utilized for evaluating the condition, offering timely and
dependable insights into the structural integrity following occurrences
like earthquakes or blast loading [89]. Fig. 4 illustrates the different
levels of SHM.

Over time, diverse SHM methodologies have been formulated, tak-
ing into account various forms of recorded data, including measure-
ments of vibration or static responses [90,91]. From these structural re-
sponses, damage signatures are extracted, such as modal strain energy,
precursor transformation, modal flexibility-based deflection, and cur-
vature, Kolmogorov-Smirnov (KS) statistical test distance, and model
residual errors [92]. In recent times, artificial intelligence, including
neural networks and machine-learning-based algorithms, is being uti-
lized to assess damage signatures for the final detection of damage [93].
Demonstrations have shown that SHM technology can offer substantial
economic and life-safety benefits. However, due to the intricate nature
of the problem, along with structural and environmental uncertainties,
the practical application of SHM in the real world remains challenging
and requires continuous research. Challenges in SHM include limited
data from existing structures, financial constraints, a diverse range of
systems, and the impact of environmental and operational conditions
(EOCs) [94,95]. The presence of EOCs can have a considerable impact
on the dependability and resilience of damage assessment technologies,
potentially restricting their effectiveness. However, the performance
of these technologies can be enhanced by employing more sophisti-
cated SHM and NDT methodologies capable of adapting to varying
EOCs [64]. Keshmiry et al. [96] delivered a comprehensive overview of
the impact of EOCs on SHM and NDT systems. They discussed recent
advancements in sophisticated sensing technology, signal processing,
and analysis methods designed to mitigate the interference caused by
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Structural Health Monitoring of the Masonry Structures

Level I: Detection

Determining whether a
damage exists in the
structure.

Detecting where the
damage is located.

Level I11: Assessment Level 1V: Prediction

Quantifying how severe
the damage is.

Estimating the remaining
service life of the
structure.

Fig. 4. SHM of the masonry systems.

EOC variations. Cavalagli et al. [97] summarized the results of the
continuous dynamic monitoring of two iconic cultural heritage towers
constructed from masonry. They emphasized that, even with a limited
number of permanently installed accelerometers on-site, the detection
of damage under varying EOCs can be successfully achieved with
the assistance of statistical process control tools, even when lacking
specific information on environmental conditions. Utilizing statistical
tools such as Hotelling’s T-squared distribution can contribute to the
preventive conservation of heritage structures. Anwar and Abd Elwaly
[98] employed modal displacement, modal curvature, and modal strain
energy functions as indicators to identify cracks in masonry structures.
They determined that all suggested metrics were appropriate for detect-
ing damage. Their approach demonstrated effectiveness, particularly
in scenarios involving multiple or inclined cracks. The utilization of
curvature functions for identification proved more efficient than dis-
placement functions when considering an equal number of monitoring
points and crack severity. Nonetheless, accurately acquiring curvature
information posed challenges for intricate structures with limited data.
Notably, the accuracy of detection results improved as crack dimen-
sions increased. Sansoni et al. [99] introduced an analytical approach
utilizing the Simplified Lateral Mechanism Analysis (SLaMA) method
to conduct seismic vulnerability assessments on URM structures. The
methodology involves a structural discretization into an equivalent
frame, considering pier, spandrel, and joint elements. It encompasses
the following steps: (i) establishing moment-rotation capacity curves
for each pier-spandrel subassembly, (ii) evaluating the strength hi-
erarchy within each subassembly, and (iii) computing the structural
capacity curve based on the anticipated failure mechanism. Validation
of the proposed SLaMA-URM method was performed on a one-story
URM substructure subjected to lateral cyclic loading, demonstrating its
efficacy for seismic assessments of URM buildings. Rozsas et al. [100]
proposed an automated Siamese convolutional neural networks (SCNN)
approach to predict similarities in crack patterns which demonstrate a
strong correlation with assessments conducted by structural engineers.
Their results indicate that SCNNs can generalize well to unseen cases
without compromising their performance. While the analysis was lim-
ited to synthetic images, the results are promising, demonstrating the
general applicability of the approach. Table 5 presents recent research
on the application of SHM to masonry structures.

Table 4 presents recent research on the application of SHM to
masonry structures.

2.4. Artificial intelligence for masonry assessment

The application of Al in structural engineering has gained increasing
attention in recent years [108]. According to recent research, Al offers
superior efficiency and precision compared to traditional approaches.
The exploration of AI for predicting the strength characteristics of
masonry structures presents a promising avenue for future investiga-
tions. Numerous scholars have delved into the utilization of ML in

assessing masonry structures.[109,110]. Loverdos and Sarhosis [111]
aimed to address challenges related to the documentation of individual
masonry units and cracks in structures by leveraging computer vision
and convolutional neural networks (CNN). Notably, they introduced a
novel approach, implementing a dynamic workflow that automatically
detects masonry units and cracks. This automated process contributes
to the creation of a comprehensive geometric digital twin. The re-
sultant dataset comprises spatial coordinates and geometric entities
that accurately depict the masonry structure, enabling a better un-
derstanding of the object for documentation and structural assessment
purposes. This seamless integration across architectural, structural, and
structural analysis models signifies a significant step towards utilizing
engineering for the development of smarter, safer, and more sustainable
future infrastructures. The innovative approach presented by Asjodi
and Dolatshahi [112] introduced a new method for assessing the post-
earthquake damage conditions of URM walls through the utilization of
visual damage features. The authors utilized Tree-based ML regression
models to establish a 3D fragility surface. This proposed methodology
serves as a dependable foundation for conducting risk assessments of
unreinforced masonry walls and has proven effective in generating
comprehensive multi-variable 3D fragility surfaces. Table 5 presents
applications of ML in masonry structures.

2.5. Smart materials

In recent years, there has been a notable emergence of innovative
materials known as smart materials, which offer advantages across
various industries compared to their traditional counterparts. These
materials are also referred to as intelligent, adaptive, or active materi-
als. The key distinction between smart materials and conventional ones,
widely utilized for centuries, particularly in construction, lies in their
capacity to react to changes in the environment and associated loads.
Environmental loads encompass factors such as mechanical strain,
alterations in magnetic or electrical fields, temperature variations, pH
levels, light exposure, and moisture conditions [123]. Smart materials
are categorized based on the nature of the loading they respond to
and the corresponding reactions they exhibit. Examples include shape
memory alloys [124], magnetostrictive materials [125], piezoelectric
materials [126], and electrochromic materials [127].

Changes in the strain field occur when cracks initiate within a
masonry structure, presenting an opportunity for utilizing strain-based
SHM systems to detect damage. For this purpose, strain-sensing piezore-
sistive clay bricks, known as Smart bricks, can be employed [128].
Originally introduced by Downey et al. [129], smart bricks are char-
acterized as piezoresistive burned clay bricks with inherent self-sensing
capabilities, relying on observed variations in electrical resistance when
subjected to external forces. Although conventional clay bricks can
meet these criteria and serve as piezoresistive sensors, the incorporation
of fire-resisting metals, carbon-based particles, and other additives can
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Table 4
Recent studies on SHM of masonry structures.
Ref Technique Model Description
[101] Dynamic-based SHM Church The paper introduced a dynamic-based SHM strategy, implemented
for the Saint Torcato church in Guimardes, Portugal. The church
faces notable structural issues arising from soil settlements.

[102] Based on the Heritage In this research, a comprehensive SHM system was created and
integration of building utilized for a historical masonry building undergoing restoration.
traditional sensors The structure underwent several structural alterations during the
consisting of monitoring process.
crackmeters,
servo-inclinometers,
cable extension
sensors, etc.

[103] Radar interferometry Historic masonry The suggested method utilized the identification of modal

bell tower parameters to characterize the mechanical properties of the
structure, including mass, damping, and stiffness matrices. This was
achieved through OMA, utilizing measurements obtained from an
experimental approach employing radar interferometry.

[104] Static-based SHM Medieval This paper introduced a comprehensive automated data analysis

heritage and method designed for full integration into static-based SHM systems.

Church The approach employs dynamic linear regression models to
effectively mitigate the impact of environmental variations on the
analysis results.

[105] Internet of Things Historical and The paper provided an overview of IoT applications for SHM in
(IoT) cultural heritage masonry structures.

[106] Wireless sensing Historic masonry This article examined a surveillance system consisting of

tower micro-electro-mechanical sensors interconnected via a wireless
network.

[107] Capacitive Stress General masonry The use of a low-cost CSS was investigated to detect the
Sensors (CSS) compression state level in mortar joints of masonry structures.

Table 5
Some of the studies on the applications of machine learning in masonry structures.
Ref Objective Model Description
[113] Defect surveying Masonry wall This paper introduced an approach for overseeing the condition of
ashlar masonry walls in historical structures by employing reality
capture techniques and data processing, which includes the
utilization of ML.

[114] Predicting Museum ML techniques were evaluated as alternative techniques for
compressive strength predicting the compressive strength of masonry structures.

[115] Period estimation Masonry infilled This study explored the applications of ML techniques in period

RC frames estimation.

[116] Deriving generalized General masonry A technique was introduced for developing comprehensive material
temperature- models for Concrete Masonry Units (CMUs) that account for
dependent material temperature variations. This approach utilized statistical, Bayesian
models for concrete methods, and ML.
masonry units(CMU)

[117] Strength predictions General masonry Artificial neural networks and statistical linear regression analysis
of eco-friendly were used to obtain more accurate properties to predict the
masonry units compressive strength of alkali-activated soil.

[118] Damage intensity Masonry This paper presented the results of comparative studies on the
assessment buildings implementation of ML techniques for damage severity assessment of

masonry buildings.

[119-121] Seismic risk Masonry In this research, an analysis of 543 masonry buildings was
estimation buildings conducted to identify the primary building characteristics

influencing the seismic risk results. A new, efficient, and precise
method for seismic evaluation was introduced.

[122] Documentation of Masonry This study sought to enhance the efficiency of documenting and
aging masonry infrastructure evaluating aging masonry infrastructures by employing image-based

infrastructure

methods and ML.

enhance their electro-mechanical characteristics. This approach sur-
passes the capabilities of ordinary distributed sensors, as Smart bricks
seamlessly integrate into the structure [130].

In recent years, self-sensing structural masonry materials, such as
smart bricks, have been proposed for SHM systems. When exposed to
external loads, a smart brick changes its electrical resistance. It is both
electrically and piezo-resistively conducting. Smart bricks are manufac-
tured by mixing normal clay bricks with conductive or semi-conductive

impurities. Such inclusions, however, must be able to endure the high
firing temperatures that the brick is subjected to throughout the pro-
duction process, for instance, titanium dioxide (titania) and micro-
or microfibers made of certain metals that resist oxidation at high-
temperature [128,131,132]. In contrast to vibration-based monitoring
systems, static parameter-based techniques using smart bricks benefit
from the capacity to discover local defects, even if they are not severe
enough to affect dynamic responses [133]. Piezoresistive clay bricks are
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a type of smart brick with embedded electronics that can modify their
electrical properties as their strain condition changes. This function
may be used to analyze stress in critical parts of a brick wall and capture
variations in loading patterns that signify structural deterioration, such
as during an earthquake. The smart brick concept can surpass prior
monitoring tools because it can deliver both high-fidelity measurements
(the brick is deployed to capture brick strains) and long-term depend-
ability (the sensor replicates the structural material’s durability). At the
same time, electrodes may be concealed by positioning them on the
interior sides of the bricks. To assess the impact of installing smart
bricks into a wall, Downey et al. [129] constructed a reduced-scale
brick wall sample consisting of 35 bricks placed five bricks in width
and seven in height layered with cement mortar roughly 0.5 cm thick
horizontally and vertically. The wall was built with fine-grained Geolite
mineral mortar and a semi-rapid setting. Meoni et al. [134] tested the
strain sensing and damage detection capabilities of smart bricks in a
masonry wall. The experiment used a hydraulic press and a shake table
to simulate earthquake events and compared the strain data from the
smart bricks before and after each event. The experiment also used a
3D FEM model to validate the results. The authors concluded that smart
bricks can detect and locate seismic-induced damage in URM structures
by revealing permanent changes in the structural characteristics.

An SHM system can further developed to a self-diagnosing system
capable of detecting the presence of a fault or damage following a
severe event such as an earthquake [131]. In this branch of SHM, the
building material itself may be used for strain monitoring, resulting
in a self-sensing structural material. Self-sensing structural materials
have the potential to self-diagnose civil buildings, providing important
information for structural retrofitting decisions [129,135].

Smart concrete technology entails integrating electrically conduc-
tive micron- or nano-sized inclusions within the concrete matrix to
instil smart strain and damage-detecting capabilities. Carbon-based
inclusions, for instance, carbon fibers, nanotubes, or carbon black, are
especially common for this use, while metallic fibers and nickel powder
can also be used [129,131].

3. Repair and retrofitting of masonry structures

Repair and retrofitting measures of masonry structures aim at mit-
igating the risks associated with natural disasters and the degradation
of structures over time. These measures can further improve the load
resistance and service life of the structures. Different objectives drive
repairs and retrofitting efforts, such as eliminating structural prob-
lems or distress resulting from unusual loading and exposure condi-
tions, inadequate design, and construction practices. Rectifying design
or construction inaccuracies and increasing the strength of structural
members are further aims of repair and retrofitting measures [136,
137].

Repair methods can be classified into the following three categories
based on the repair impact [138-140]:

1. Surface repair methods are cosmetic repairs that improve the ap-
pearance of structures and restore the non-structural properties
and environmental protection of damaged components, such as
repointing and pinning.

2. Structural repairs intend to restore the structural properties
of components, including injections of cracks and structural
repointing.

3. Structural strengthening involves repairing or replacing struc-
tural elements to increase their load capacity and strength.
Rather than adding new components, like bands, overlays, etc.,
the main objective is to retrofit the damaged structural compo-
nents.
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3.1. Surface repair methods

The objective of surface repair methods is to address any dam-
age or deterioration present on the surface of unreinforced masonry
walls by employing strengthening and repair techniques. Surface treat-
ment methods are typically utilized for aged masonry buildings. Well-
established surface treatment techniques are shotcrete, bamboo, and
fiber-reinforced polymer (FRP), which are described in more detail
below.

3.1.1. Shotcrete

Retrofitting with shotcrete significantly enhances the ultimate load
of walls in terms of shear and flexural capacities, preventing future
cracking and improving inelastic deformation capacity. Engineered Ce-
mentitious Composite (ECC) is a suitable material for seismic strength-
ening of Unreinforced Masonry (URM) walls, as shown by Lin et al.
[141]. The study indicates diminishing returns with increasing ECC
thickness for externally bonded shotcrete reinforcement on masonry
wallets. However, ECC shotcrete effectively enhances in-plane strength
and pseudo-ductility, with a 220% increase in average pseudo-ductility
compared to as-built walls.

In another study, Lin et al. [142] employed ECC shotcrete and
near-surface mounted steel bars for seismic strengthening of URM
walls, significantly improving out-of-plane capacity. The researchers
proposed a seismic design methodology based on conventional pro-
cedures to predict increased out-of-plane strength due to ECC inter-
vention. Ghezelbash et al. [143] conducted shake table tests on a
URM building, demonstrating effective bond and crack prevention by
shotcrete, though concentrated cracks were observed at perpendicular
wall connections.

Static cyclic tests by ElGawady et al. [144] revealed shotcrete
retrofitting increased lateral strength by a factor of approximately 3.6,
with double-sided retrofitting exhibiting more ductile failure. Shabdin
et al. [145] explored the efficiency of traditional shotcrete for URM
walls, finding it created stiff panels, prevented cracks, and increased
strength, energy dissipation, and stiffness. However, in long-length
walls, the failure mode shifted from shear sliding to rocking.

Rezaee et al. [146] investigated shotcrete retrofitting for seis-
mic rehabilitation, finding it significantly increased lateral resistance
and cyclic dissipated energy. Shotcrete-retrofitted specimens exhibited
enhanced lateral strength and gradual post-peak strength deteriora-
tion. Huang et al. [147] combined experiments and simulations, show-
ing that thicker sprayed mortar layers improved compression strength
in URM retrofitting, contributing to elastic modulus improvement, but
over-thin layers reduced the elastic phase range. Double-sided spray-
ing had a significant impact on elastic modulus but not on ultimate
strength.

3.1.2. Bamboo-band

Retrofitting masonry buildings with bamboo-band mesh signifi-
cantly increases their seismic capacity. External reinforcement is pro-
vided by bamboo, which is used both vertically and horizontally in
this retrofitting system. It was reported that the retrofitted masonry
building by this method could withstand over twice the amount of input
energy in comparison to a non-retrofitted sample. However, bamboo
meshes cannot be adequately protected by the bricks surrounding them.
This technique has several advantages, including its low cost and opera-
tional simplicity that eliminates the need for specialized labor [29]. The
URM wallets were enhanced by incorporating bamboo fiber textile and
affixing them onto the wall surfaces through the application of short
bamboo fiber-reinforced geopolymer mortar, as documented by Libre
et al. [148]. The study revealed that wallets reinforced on one side
and both sides with textile exhibited an average increase in shear
strength of approximately 24% and 35%, respectively. Additionally,
the analysis of failure modes indicated that the typical failure in URM
was characterized by running bond failure, whereas strengthened URM
exhibited a columnar failure. These findings have potential implications
for the development of textile-reinforced geopolymer mortar systems
aimed at fortifying URM walls.
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3.1.3. Fiber-reinforced polymer (FRP)

FRP, comprising a polymer matrix reinforced with fibers, is utilized
to strengthen unreinforced masonry walls both in-plane and out-of-
plane. Studies by Estevan et al. [149] indicate substantial improve-
ments in strength using epoxy-bonded carbon FRP, particularly under
static cyclic loading. However, cases of debonding were noted at lat-
eral loads exceeding 50% of ultimate resistance, limiting its applica-
tion on historical buildings. Mazzotti et al. [150] focused on GFRP
sheets bonding with single clay bricks, emphasizing the relationship
between bond strength and brick mechanical properties. They observed
a stronger shear capability in the initial bonded section, leading to
a softening branch in force-elongation diagrams. Analytical models
proposed by Carozzi et al. [151] explained load transfer mechanisms
between FRP reinforcements and masonry, incorporating bond length
and width effects. Ghiassi et al. [152] studied debonding mechanisms
in repaired FRP-strengthened masonry components, assessing the ef-
fectiveness of repair methods. Al-Jaberi et al. [153] demonstrated the
effectiveness of FRP external bonding in enhancing the flexural capacity
of reinforced masonry walls. Croce [154] introduced an innovative
repair technique using composite fabric in mortar joints for historical
structures, achieving stabilization and cohesion. While Dezfouli et al.
[155] showed shotcrete reinforcement improves strength and ductility,
it comes with drawbacks, making FRP plates a suitable alternative
for seismic retrofitting due to their strength, low weight, corrosion
resistance, and ease of implementation.

3.1.4. Textile reinforced mortar (TRM)

The growing requirement to enhance the structural performance
of buildings and structures has been addressed through the introduc-
tion of newly developed TRM composites. This demand is particularly
crucial for unreinforced masonry structures. In contrast to FRP, TRM
incorporates high-strength fibers into an inorganic matrix. As a re-
sult, the matrix, usually consisting of cementitious mortar, provides
compatibility with substrates, cost-effectiveness, superior performance
at elevated temperatures, improved permeability, and reversibility.
With these benefits, it is not surprising that TRM has garnered signifi-
cant popularity for strengthening masonry structures [156]. Garmendia
et al. [157] examined the performance of a strengthening system
using basalt textile-reinforced mortar (BTRM) when applied to stone
masonry arches. The study evaluated the suitability of three different
analytical approaches for design purposes. The researchers established
the main constitutive laws through testing both the primary materials
and the BTRM composite. To determine the most appropriate analytical
approach for design, a comparison between experimental and analytical
results was carried out. In a similar vein, Papanicolaou et al. [158]
investigated the use of TRM to improve the load-carrying capacity
and deformability of unreinforced masonry walls subjected to cyclic
out-of-plane loading. The study compared the effectiveness of TRM
overlays with overlays or near-surface mounted (NSM) reinforcement
of FRP. The results demonstrated that TRM jacketing significantly
enhances the strength and deformability of the structure. In contrast to
epoxy-resin-based FRP, TRM generally exhibits superior effectiveness in
terms of both strength and deformability. Although NSM strips provide
lower strength, they offer improved deformability through controlled
debonding. The overall conclusion of the study is that TRMs show great
promise as a solution for structurally enhancing masonry structures
under out-of-plane loading.

Recent studies on the surface treatment of masonry structures are
summarized in Table 6.

3.2. Structural repair techniques

This subsection delves into the details of various structural repair
techniques tailored specifically for masonry structures. It focuses on
methods and materials designed to address the unique challenges as-
sociated with masonry, such as mortar deterioration, brick or stone
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cracking, and structural instability. The subsection will explore com-
mon repair techniques like repointing, grouting, and reinforcement
with materials such as helical ties or fiber-reinforced polymers in
depth. It aims to provide insights into the application, benefits, and
considerations associated with each technique for masonry repair. By
examining these techniques closely, the subsection offers a thorough
understanding of their role in ensuring the safety, reliability, and
longevity of masonry structural components.

3.2.1. Stitching and grout/epoxy injection

The grout injection repair method is one of the most commonly
used techniques in strengthening masonry structures. Typically, the
method is employed for restoring the bond in the cracks of masonry
structures. The advantageous factors of utilizing this technique include
affordability, easy accessibility of the repair material, and operation
simplicity. Additionally, the architectural aspect of the structure is not
affected by grout injection rehabilitation. However, the method suffers
from a significant disadvantage in terms of shrinkage [173-175].

3.3. Re-pointing

Generally, repointing has been used as a retrofitting technique,
particularly on historic masonry structures. In this method, the mortar
joints are washed, removed, cleaned, and a new mortar is replaced.
The replacement mortar should be consistent with the properties of the
masonry units, i.e. similar in mechanical properties and durability, and
also resistant to mechanisms of deterioration. Steel bars are applied
in the grout matrix across the joint cracks, which minimizes surface
preparation and preserved aesthetics. Advantages include its low cost
and ease of implementation [176-178].

3.4. Post-tensioning

Over the past decade, there have been significant advancements
in the field of post-tensioning of masonry structures. There has been
a substantial increase in the utilization of this method to strengthen
existing structures and new constructions. In addition to increasing the
ductility and strength of structures, post-tensioning reduces cracking
deflection under service loads. Furthermore, the appearance of the
structures is not altered by this technique. Nevertheless, the method has
some drawbacks, such as its relatively high cost and the potential for
causing shrinkage of the masonry. Moreover, post-tensioning elements
are exposed to corrosion, and external straps and connections may
affect the architectural aspects of the building [179,180].

3.5. Center core

The center core technique is an advanced non-destructive approach
for strengthening unreinforced masonry structures, which allows for the
strengthening process to be carried out without evacuating the struc-
ture. This method preserves the architectural aspect of a building while
allowing external intervention. However, its major drawbacks are the
requirement of highly skilled labor, high-tech equipment, and stringent
quality supervision. Furthermore, the technique typically leads to areas
with variable stiffness and strength characteristics [29,181].

3.6. Confinement

In this technique, the tying of columns is employed to confine and
strengthen a masonry structure at its corners, junctions, and boundaries
of openings. This approach enhances the in-plane deformability and en-
ergy dissipation of the structure. Additionally, in-plane shear strength,
ductility, and flexural strength are enhanced through this method [182—
184]. The research conducted by Gul et al. [185] investigated enhance-
ments in seismic characteristics of self-interlocking mortarless masonry
through the implementation of corner confinement. The evaluation
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Table 6
Recent studies on surface treatment.

Ref Technique Model Description

[159] FRP composites General This report provided a summary of research investigations and
practical implementations related to the reinforcement of masonry
using FRP composites.

[160] Water repellents, School building A study was undertaken to assess the origin of a leak and the
consolidants, and possible efficacy of four potential surface treatments aimed at
combinations of the sealing or consolidating bricks.
both

[161] Composite grid Masonry walls This research examined how the structural characteristics of
reinforced mortar masonry walls without reinforcement were affected when enhanced

with layers of mortar reinforced with composite grids.

[162] Bamboo band, FRP, Masonry brick This research investigated techniques for enhancing the seismic
and shotcrete walls resilience of masonry brick walls, discussing their benefits,

disadvantages, and constraints.

[163] Hydrophobization Historic In this study, the scientists examined and assessed the impact of

masonry different water repellents commonly employed in commercial
applications on the hydration mechanism of Roman cement mortars.

[164] Fiber-reinforced Ancient This investigation examined the physical-mechanical characteristics
lime-based mortars masonry and microstructure of lime-based hydraulic mortars reinforced with

fibers, aiming to formulate binding substances for the preservation
of historical structures. The results were contrasted with those of a
hydraulic lime-based mortar devoid of any additives.

[165] Basalt fiber reinforced Typical This research examined the physical and mechanical characteristics
natural hydraulic lime masonry as well as the microstructure of mortars composed of hydraulic
mortars lime reinforced with basalt fibers.

[166] FRP Brick masonry The effect of mechanical surface treatment on the bond durability

was investigated.

[167] Silane/siloxane blend Brick masonry This article examined the results obtained through a set of
liquid & cream and benchmark tests designed to assess hydrophobicity, water
acrylic & absorption, and water vapor transmission in compliance with
stearate-based liquids established codes. The purpose was to evaluate the impact of

waterproofing on the hygric behavior alteration in brick masonry.

[168] FRP General This paper presented a study on the characterization of the bond
behavior using innovative surface treatment techniques.

[169] Shotcrete Masonry infill The study investigated the performance of masonry walls retrofitted

walls with shotcrete applied either in front of or behind the wall facing
the explosion source.

[170] Shotcrete U-shaped This experimental study focused on examining the effects of

masonry walls reinforcing U-shaped masonry walls using polypropylene fiber
dry-mix shotcrete.

[171] TRM URM walls This work experimentally investigated the application of a novel
system that combines TRM with thermal insulating materials for the
structural, including seismic, and energy retrofitting of masonry
walls.

[172] TRM Masonry panel This article experimentally investigated the use of three types of

TRMs (steel, carbon, and basalt textiles) embedded in cement
mortar matrices as shear reinforcement for masonry panels.

encompassed various seismic parameters, such as lateral load-carrying
capacity, energy dissipation, displacement ductility, structural stiffness,
response modification factor, and performance levels. The findings
from the experiments indicated that introducing corner confinement
to dry stacked masonry significantly increased the ultimate lateral
load and drift capacity by 64% and 288%, respectively. Sheikh [186]
reported the effect of openings (windows) on the earthquake-resistant
behavior of confined masonry structures. The researcher concluded that
the window should be placed as far from the center location of the wall
panel as possible. Placing windows closer to the center can otherwise
affect the diagonal strut action of the masonry wall panel and hence
reduce its seismic performance. Al-Jaberi and Myers [187] investigated
the efficiency of using different types of advanced composite in confin-
ing masonry columns. According to the results, all types of advanced
composites provided a significant increase in the ultimate strength
capacity. The behavior of the masonry columns was found to be sig-
nificantly influenced by the type of fabric used. Cascardi et al. [188]
analyzed and reported the results of experiments conducted on masonry
columns confined with Fiber-Reinforced Cementitious matrices (FRCM)
under a centered compression test. The primary objective of their study
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was to assess the influence of the inorganic matrix in determining the
efficacy of FRCM confinement. Koutas and Bournas [189] explored
the confinement of masonry columns using jackets made of TRM to
improve their axial load-bearing capacity and deformability. Based on
the findings, the authors reported that TRM jacketing showed promise
as an effective solution for confining masonry columns.

3.7. L-shaped reinforcement

Using L-shaped reinforcement can improve the strength of an un-
reinforced masonry structure by strengthening its junction, the most
vulnerable part of a masonry wall. Steel bars are used in alternate layers
for L-shaped reinforcement to strengthen the junction. The L-shaped
composite material strengthening system offers high flexural strength
and shear strength, leading to improved strength and stiffness in the
in-plane direction. However, it was reported that this technique can
lead to corrosion [30,190].

Table 7 describes recent studies on repair and strengthening meth-
ods.
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Table 7
Recent studies on repair strengthening techniques of masonry structures.

Ref Technique Model Description

[191] Repointing Fair-faced masonry This study provided an overview of diagonal compression
structures and historic tests carried out on masonry elements that were reinforced
buildings through structural repointing, as documented in the existing

literature.

[192] L-Shaped Masonry structures The seismic behavior of masonry structures with openings

Reinforcing with Openings was investigated.

[193] Post-tensioning Arch footbridges and This paper reported the potential of masonry structures as a
anti-funicular primary load-bearing material when combined with
structures post-tensioning.

[194] Grout Injection Traditional masonry The main objective of this article was to experimentally and
walls numerically study the improvements introduced by the grout

injection strengthening technique.

[195] Confinement Confined masonry In this research, a simplified macro-element model, utilizing
smeared crack and total stress-strain models, was employed
to analyze a prototype structure of CM in a benchmark
setting.

[196] Center-core Unreinforced masonry The in-plane nonlinear behavior of two full-scale

walls

unreinforced masonry wall specimens, retrofitted with three
and five reinforced cores were tested under experimental
cyclic loading.

3.8. Comparison of various repair and retrofitting techniques for masonry
structures

The selection of the most effective repair and retrofitting method
for masonry structures is influenced by various factors, including the
structure’s value, budget, location, type, equipment, and expertise.
Although the limitations discussed above are significant, the most
optimal strategy for repairing and retrofitting a masonry structure is
structure-dependent. This section provides a comparison table, includ-
ing the advantages and disadvantages of various repair and retrofitting
methods for masonry structures. Moreover, related references to further
studies are cited in Table 8.

4. Case studies

Case studies provide valuable learning experiences. In the case
of masonry structures, applying an ineffective assessment, repair, or
retrofitting technique can result in irreversible damage to cultural and
historical heritage. Learning from case studies mitigates such risks.
Hence, the following section presents several case studies on real-
life examples of repair and strengthening applications for masonry
structures.

4.1. Madonna del Carmine Historical Church [217]

The Madonna del Carmine Church, constructed in the 18th century,
is a masonry edifice featuring irregular stone walls connected at the
corners. The building includes a system of non-load-bearing decorative
vaults and a relatively recent wooden roof. The facade, rising to a
height of approximately 24 m, exhibits an arched design with walls
of varying thickness along its height. The floor plan encompasses a
single hall with three apses, and the presbytery is elevated above the
nave floor. The layout is an elongated and irregular octagon, with three
semi-cylindrical volumes attached, of lesser height than the central
body—two along the transverse axis and one at the longitudinal axis
endpoint. A prolonged pavilion vault, octagonal in shape, covers the
central nave, while the side apses are topped with vaulted ceilings and
linked to the central body through arch structures.

4.1.1. Point cloud survey, MDT, and NDTs

The intricate architectural design of the church poses challenges
for accurate manual surveys. To overcome this, a photogrammetric
survey was conducted, yielding precise 3-dimensional geometry of the
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building. Subsequently, this data was employed to generate detailed
drawings and structural models with high precision. Fig. 5 illustrates
the survey stations and presents the final 3D view of the Point Cloud
Model (PCM), achieved through the utilization of Autodesk Recap Pro
software.

Various NDT and MDTs were conducted to assess the quality of the
masonry, in addition to visual inspections. The primary examinations
included both single and double flat jacket tests (FJ), pulse velocity
tests (PS), and endoscopies (PE). In order to reconstruct the compo-
sition and assess potential deterioration mechanisms, some masonry
cores were extracted, and mortars from the joints were analyzed. Fig. 6
provides a visual representation of the test locations.

4.2. Hocailyas school building [218]

Hocailyas Secondary School is located in western Tiirkiye, covering
an area of 340 m? (Fig. 7).

This structure features a load-bearing masonry framework. The
outer walls, constructed in a rectangular fashion, incorporate a com-
bination of irregularly arranged stone and blended brick. Independent
of the outer walls, intermediate partition walls were erected using load-
bearing elements composed of adobe-filled timber and adobe-filling
material. Both the inner and outer walls of this masonry construction
were crafted using limestone and solid brick, bound together with lime
mortar. The interior walls underwent plastering with a cement-based
substance, followed by a whitewash finish. Topping the building is a
hipped roof adorned with Marseille tiles. Positioned on level ground,
the structure comprises rectangular ground and first stories. The floor
structure of these levels consists of plank coating on timber beams.
Notably, there are no adjacent structures nearby, as the building stands
on its own foundation. All facades received a coating of cement-added
mortar, with the ground story exhibiting a cut stone appearance and
the first story displaying an alternating pattern of masonry brick and
stone. The exterior walls, originally constructed with a combination of
stone and brick using lime mortar, were subsequently plastered with
cement-added mortar.

4.2.1. Laser scanning

To gain a comprehensive understanding of the structure and identify
both exterior perspectives and inappropriate alterations, the three-
dimensional laser scanning technique was utilized. The integrated GPS
receiver within the laser scanner facilitated the alignment of individual
scans during post-processing. The resultant images, generated through
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Table 8
Advantages and disadvantages of various repair and retrofitting techniques.

Technique Advantages Drawbacks ref(s)

FRP « Enhanced resistance « High-cost [197,198]
- Simple operation - High electric
« Increased ductility conductivity

Shotcrete « High deformation « Potential for rebound and [199,200]
- High stability e dust generation
« High ultimate load « High mass

Bamboo « Sustainability « High disturbance [201,202]
« High strength « Affects architecture
« High input energy

Stitching and grout + Simple operation « High degradation [203,204]

injection « Preservation of « High shrinkage
architectural aesthetics « Irreversible action
« Minimal cost

Re-pointing « Minimal cost « Lead corrosion [205,206]
« Low deformation

Post tensioning « Increased ductility « Costly [207,208]
« Easy application « Shrinkage and creep

« Corrosion

Reduced cracking « Anchorage problem

Confinement « High energy « Labor intensive [209,210]
« Improved ductility « Significant disruption
« Increased flexural - High cost
strength

Center core « Safe resistance - High cost [196,211]
« Preservation of original « High technology
appearance requirements

L-Shaped - High resistance Corrosion [192,212]

Reinforcement « High strength

Steel bars « Improved structural « Loss of historical material [213,214]
behavior « Risk of corrosion

3D Tying System « Increased ductility « Risk of corrosion [138,215]
- High energy dissipation

Box action « Enhanced lateral load « Increased design [216]

resistance
« Improved In-Plane
Capacity of Walls

complexity
- Potential architectural
design restrictions

Fig. 5. Photogrammetric survey stations (a) and PCM view (b), [217].

= PE4

- PS2 A psa

PS1 f
: PE3
; FJ2 ki P}

a) b) c)

Fig. 6. Positions of the flat jacket (FJ) tests, pulse velocity (PS) and endoscopies (PE), [217].
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Fig. 7. Floor plans, top and side view of the Hocailyas secondary school. (a) Ground floor, (b) first floor, (c) top view (plot dimensions: 26.1 m x 35.3 m), and (d) side view

and cross-sectional structural details of the building [218].

this methodology, are depicted in Fig. 8. Noteworthy findings include
surface pollution on the facades, erosion of limestone material, and
the presence of mixed bricks on unplastered walls. Additionally, the
building exhibited signs of degradation and deformations caused by
moisture. Notable interventions encompassed cement mortar applica-
tions on lower levels and the incorporation of various elements such as
electrical wiring, lighting fixtures, and security cameras. Specifically,
the primary degradation observed on the northern facade involved the
pergola roof of the cafe and the teacher’s lodge, significantly disrupting
the facade’s aesthetic and rendering it obscured.

This section is followed by two tables of case studies. Table 9
presents several case studies on the assessment of masonry structures.
This table includes various information on the case studies, such as
year, location, objective, etc. Table 10 presents the same information
on the repair and retrofitting of masonry structures.

Fig. 9 illustrates the distribution of the case studies reviewed in
Tables 10 and 9.

The assessment and repair of masonry structures represent critical
efforts in preserving cultural heritage and ensuring structural safety,
particularly in earthquake-prone regions. A comprehensive review of
recent case studies in the above tables reveals a multifaceted approach
employed by researchers. In terms of geographical focus, Italy and
Tiirkiye emerge as key hubs for both assessment and repair/retrofitting
initiatives. This concentration could be attributed to the rich historical
heritage and susceptibility to seismic events in these regions. Addi-
tionally, notable contributions from countries such as Greece, Spain,
and the United Kingdom underscore the global significance of ma-
sonry structure preservation endeavors. Objectives vary across case
studies, with seismic assessment and evaluation being predominant,
followed by investigations into damaged conditions and vulnerability
assessments. Dynamic identification, NDT, and structural vulnerability
assessment also feature prominently, reflecting the diverse challenges
addressed by the community. Structurally, towers and churches are
frequently assessed, highlighting their historical significance and vul-
nerability to seismic activity. Additionally, mosques and institutional
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buildings are common targets for repair and retrofitting, emphasizing
the need to safeguard various types of masonry structures. A wide
array of methodologies is employed in these endeavors, ranging from
nonlinear FEA and seismic performance evaluation to laboratory testing
and NDT techniques such as GPR and thermography. The integration
of traditional techniques with modern technologies like wireless sens-
ing and machine learning underscores the multidisciplinary approach
applied by researchers. These efforts contribute to the preservation of
cultural heritage and the enhancement of structural resilience in the
face of seismic hazards.

5. Future trends

The following section provides an overview of future trends in
assessment, repair, and retrofitting methods for masonry structures and
explores potential advancements and innovations that may shape the
field in the coming years. It highlights emerging technologies, method-
ologies, and approaches that could revolutionize the way masonry
structures are assessed, repaired, and retrofitted, leading to improved
performance, durability, and sustainability.

1. Non-Destructive Testing (NDT): The development of more ad-
vanced NDT techniques such as ground-penetrating radar (GPR),
terahertz imaging, and enhanced ultrasonic techniques have the
potential to provide more accurate and detailed information
about the internal condition of masonry structures. GPR uti-
lizes electromagnetic waves to image subsurface objects and
can identify defects such as voids, cracks, or reinforcement
placement. Terahertz imaging utilizes terahertz waves to detect
hidden moisture and delamination within the masonry. Ad-
vanced ultrasonic techniques involve the use of high-frequency
sound waves to evaluate the quality and integrity of masonry.
These advancements in NDT can significantly enhance the as-
sessment process, increase the reliability of data, and support
targeted repairs and retrofitting strategies.
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Fig. 8. 3D laser views of the building, [218].
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Fig. 9. Distribution map of the case studies reviewed in Tables 10 and 9.

2. Unmanned Aerial Vehicles (UAVs): The utilization of UAVs

equipped with thermal imaging cameras, LiDAR sensors, or
photogrammetry techniques for conducting visual inspections
of masonry structures is currently an active field of research.
UAVs provide safe and efficient means of accessing difficult-to-
reach areas, reducing the need for manual inspections. Thermal
imaging cameras can detect variations in surface temperatures,
helping identify areas of potential moisture intrusion or in-
sulation problems. LiDAR sensors capture detailed 3D point
cloud data, enabling precise measurements of the structure
and identifying surface deformations or cracks. Photogrammetry
techniques use high-resolution images to create accurate 3D
models of the masonry, aiding in condition assessment and
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visualization of defects. The use of UAVs in masonry inspection
can significantly improve efficiency, lower costs, and provide
valuable data for targeted repair and retrofitting solutions.

. SHM systems: The integration of SHM systems using sensors,

data acquisition systems, and advanced data analysis techniques
to continuously monitor the structural behavior of masonry
structures presents another future opportunity to prolong the
life of historic structures. These systems provide real-time data
including vibration, strain, and environmental measurements.
By monitoring the structural health over time, SHM systems
can detect changes, identify potential damage or deterioration,
and provide early warnings of structural issues. This enables
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Table 9
Recent case studies on assessment of masonry structures.

Ref Year Location Objective Structure Method Description

[701 2010 Portugal SHM Tower and church Operational modal This research aimed to investigate the early-stage assessment of damage in masonry
analysis structures using vibration signatures as an integral component of an SHM procedure,

with the objective of safeguarding historical constructions.

[219] 2010 India Seismic assessment Tower Parametric analysis This paper described the numerical seismic assessment of the Qutb Minar in Delhi,
considering Tensile India.
strength and fracture
energy, damping, mass
and stiffness proportional
damping.

[2201] 2012 Iran Investigating lateral Vault with adobe Nonlinear FE analysis This research examined how a historic brick vault, supported by adobe piers,
performance and load piers and experimental tests behaves structurally and resists lateral forces when retrofitted with Carbon Fiber
carrying capacity Reinforced Polymer (CFRP).

[221] 2012 Austria Seismic assessment Building Rapid visual screening The study focused on evaluating structure-relevant parameters and assessing the
human and economic impact of earthquake-induced damage. By classifying buildings
into vulnerability classes, the research provided insights for emergency planning and
identifies critical objects susceptible to seismic loading.

[222] 2013 Italy Analysis and repair Building Vulnus method This research conducted a preliminary investigation of a group of buildings located
in the historical city center of L’Aquila, which suffered damage from the earthquake
that occurred in April 2009.

[223] 2014 Spain Evaluation Building column GPR This work presented the study of one column by using GPR combined with seismic
tomography, under laboratory conditions.

[224] 2015 Italy Dynamic identification Bell tower MEMS-based acquisition This paper reported the results of dynamic tests performed on a bell tower.

system

[225] 2016 Tiirkiye Seismic performance Tower Multiple This paper primarily explores fundamental principles essential for conducting a
evaluation performance-based seismic assessment of historical structures.

[226] 2017 Greece Seismic and restoration Church Multiple This study presented a new stochastic computational framework for seismic and
assessment restoration assessment of masonry structural systems.

[227] 2018 Australia Vulnerability assessment Building Parametric analysis This paper presented a method to assess the vulnerability of heritage masonry
for mine blast-induced buildings to mine blast-induced vibrations. The approach offers valuable insights for
vibrations both structural and blast engineers in understanding the effects of blasting on

heritage structures.

[228] 2019 Italy Integrating NDT, City hall building Multiple techniques The aim of this work was to illustrate the importance of integrating documentation,
thermography, and NDT, and numerical deling for damage of heritage structures.
numerical modeling for
damage assessment

[229] 2020 Italy Testing shear Building Flat jack testing This paper presented the evaluation of the seismic behavior of existing buildings.
characteristics

[230] 2020 Italy Continuous SHM Tower Wireless sensing This article examined a surveillance system comprising micro-electro-mechanical
sensors linked via a wireless network.

[231] 2020 Tiirkiye Restoration University building Thermography and This paper presented a detailed description of the restoration works, which were

laboratory testing based on the original geometric and material properties.

[114] 2020 India Evaluation Museum ML techniques and This research investigated the suitability of three machine learning approaches as
laboratory testing alternative means for forecasting the compressive strength of masonry structures.

[232] 2021 Tiirkiye Seismic assessment Mosque Multiple techniques This study conducted a seismic evaluation of a restored mosque located in Bigali
Castle, which was originally constructed in the early 1800s.

[233] 2021 Italy Seismic vulnerability Urban center Multiple This study demonstrated the implementation of three widely recognized

assessment methodologies in assessing the medieval city of Campi Alto di Norcia in Valnerina,
Italy, which was affected by the earthquakes on August 24 and October 30, 2016.

[234] 2021 Peru Assessment Dwellings In-situ survey and The paper summarized an in-depth survey to collect structural data on buildings in
laboratory testing Cusco. This data was used to create an empirical model for seismic vulnerability

assessment, adapted from one used in Italian historic centers.

[235] 2021 Mexico Assessment Building Displacement ductility This study calculated DDDS to assess seismic vulnerability in masonry structures of
demand spectra (DDDS) different heights. It examines earthquake ground motions and artificial acceleration
comparison for both records across various base shear capacities, with particular attention to linking
earthquake ground observed damage with structural irregularities.
motions records and
artificial acceleration
records

[236] 2022 Romania Assessment Building In-situ PEST (the This paper introduced a revised PEST method for building condition assessment,
Romanian acronym for aligning with national norms. It aimed to enhance assessment consistency, aiding
Method of Assessing the inspectors in evaluating damages and establishing degradation classes for structural
Technical Condition) and non-structural components.

[217] 2023 Italy Modal characterization Church MDT, NDT, FE analyze This study outlined the practical investigations conducted on a historic church,

and NDT placing significant emphasis on the examination of its exterior frontage.

[237] 2023 Italy Structural assessment Building Normative references, This paper aimed to contribute to the discussion of the experimental campaigns on
NDT, and MDT cultural heritage buildings.

[238] 2023 Europe Evaluation Church Laboratory testing This study examined the masonry cloister vault of a historic structure to gather

information on the distinctive deformation features exhibited by the aged masonry.

[239] 2023 Croatia Resistance evaluation Museum building Flat-jack test The paper explored reliability approaches for evaluating the resistance of a cultural

heritage building, using data from standards and flat-jack tests.
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Table 10
Recent case studies on repair and retrofitting of masonry structures.

Ref Year Location Objective Structure Method Description

[240] 2011 Portugal Seismic rehabilitation Building Multiple techniques This research paper conducted a comparison analysis of various seismic retrofitting
methods applied to simulate an already constructed masonry building.

[241] 2011 Belgium Characterization of Church, castle ruins, A systematic Historic mortars and repair mortars were analyzed in terms of a chemical,

repair mortars abbey approach mineralogical, and physical point of view.

[242] 2012 United Kingdom Repair Natural stone Plastic repair The objective of this paper was to explore the perceptions surrounding the
appropriateness of various materials for use in a repair.

[243] 2013 Tiirkiye Strengthening Mosque externally bonded This work described the strengthening process of a historical Mosque with externally

textile-reinforced bonded TRM.
mortar (TRM)

[244] 2014 United Kingdom Strengthening Cross vaults Reinforcing mesh This article discussed the enhancement of masonry cross vaults that have suffered
from geometric instability.

[245] 2014 Italy Pre-qualification of Sacro Monte di Multiple techniques A novel laboratory method for the pre-approval assessment of repair mortars was

repair mortars Varallo Special elucidated.
Natural Reserve

[246] 2017 Italy Seismic vulnerability Building Multiple techniques In this paper, the usability check and the seismic vulnerability appraisement and
assessment and repairing of a masonry building were reported and discussed.
retrofitting

[247] 2018 United Kingdom Repair and Palace TLS This study introduced a novel algorithm designed for the d
maintenance individual masonry units and mortar regions within digitized rubble stone

constructions. The algorithm utilizes geometrical and color data obtained through
TLS devices.
[248] 2019 Italy Retrofitting University hall Buckling restrained This work summarized the theoretical conception and underlying design philosophy
braces and of the seismic retrofitting of the case study.
pre-tensioned steel
ribbons

[249] 2019 Tiirkiye Seismic retrofitting Mosque Multiple techniques In this study, the seismic performance of a historical mosque was assessed both
before and after retrofitting.

[121 2020 Bosnia Reconstruction Multiple Reconstruction and This paper discussed the challenges and justification of the reconstruction of built

anastylosis heritage in Bosnia.

[250] 2020 Italy Seismic assessment, Tower Multiple techniques This paper provided a comprehensive examination, encompassing on-site diagnostic
repair, and investigations, seismic assessment, and non-invasive strengthening, of an ancient
strengthening masonry tower located in Torre Orsaia, Southern Italy.

[251] 2020 Spain Retrofitting U-shaped masonry TRM and Laboratory This paper presented the experimental results obtained from tests on a U-shaped

structure testing masonry building.

[252] 2020 China Restoration Relic Sticky-rice lime In this research, an extensive characterization was conducted on a series of

binders sticky-rice lime binders obtained from thirteen ancient masonry relics originating
from three regions spanning the 16th to 19th centuries.

[253] 2021 Nepal Performance Institutional buildings Multiple techniques This study presented a new integrated strengthening option for masonry building.
evaluation of
strengthening options

[254] 2022 Italy Multi-objective Building Multiple techniques In this paper, the seismic vulnerability appraisement, together with repairing and
consolidation operations, of a masonry building with cultural and artistic value were
reported and discussed.

[26] 2023 Serbia Seismic Retrofitting Building RC jackets along the This study showcased a case study involving an URM building that suffered damage

facade during the 2010 Kraljevo earthquake and was subsequently subjected to retrofitting.

[255] 2023 Tiirkiye Seismic performance Building FE analyses and This paper presented a seismic assessment of a reconstruction project involving a
evaluation and textile reinforced historic masonry building constructed in 1866, which was subsequently demolished
strengthening mortar in the 1940s.

[256] 2023 Italy Retrofitting Multiple churches Multiple techniques This paper offered a comprehensive review critically analyzing the primary
interventions implemented in the churches of Central Italy to mitigate seismic
vulnerability and assess their overall effectiveness.

[218] 2023 Tiirkiye Seismic performance School building Multiple techniques This study elucidated every phase involved in the restoration of a masonry building,
assessment and encompassing the assessment of its seismic performance following restoration.
retrofitting Subsequently, a seismic retrofitting proposal was formulated in alignment with the

findings.

[257] 2023 Romania Rehabilitation and Opera house Laboratory testing, This paper aimed to address the subject of the deficiencies faced by the materials
restoration thermography, that make up the facade of the historic masonry building.

surface treatment,
grout injection

[258] 2023 China Repair Building Mechanical physical This paper described a study of two methods currently in use for repairing

methods and damp-proof layers in such buildings in Shanghai, China.
chemical injection
methods
[259] 2023 Italy Strengthening Building Multiple techniques This research aimed at investigating the effectiveness of a minimally invasive
strengthening technique used to repair a full-scale two-story building.
[260] 2023 New Zealand Retrofitting Building Shotcrete, This study examined the potential of integrating deep energy retrofit with seismic
post-tensioning, and strengthening in historic buildings, particularly focusing on unreinforced masonry
Plywood diaphragms structures in Aotearoa New Zealand.
with tie rods

[261] 2022 Albania Retrofitting Stone masonry tower Digital surveying, This paper presented the seismic retrofit of the Ottoman fortress of Gjirokastra.
NDT, and nonlinear Through comprehensive inspection and analysis, including non-destructive tests and
structural analysis finite element analysis, effective strengthening solutions were determined.

[262] 2018 Egypt Retrofitting Building Timber bracing This research focused on analyzing the installation of a straightforward and sturdy

system

timber bracing system above timber boards and beneath flooring layers of timber
flat roofs. The aim was to enhance the seismic behavior and stability of historical
load-bearing masonry buildings in Cairo.
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proactive maintenance and repair strategies based on actual
performance data, optimizing the lifespan and resilience of ma-
sonry structures. The implementation of SHM systems can en-
hance safety, reduce maintenance costs, and facilitate informed
decision-making for repair and retrofitting interventions.

4. Advanced repair techniques: The adoption of advanced repair
techniques such as 3D printing of masonry elements, fiber-
reinforced polymers (FRPs), and smart materials. 3D printing of
masonry elements allows for precise fabrication and customiza-
tion of complex shapes, enabling efficient and cost-effective
repairs. FRPs, such as carbon or glass fiber composites, offer
high strength-to-weight ratios and corrosion resistance, making
them suitable for reinforcing masonry structures. Smart materi-
als, such as shape-memory alloys or self-healing concrete, have
the ability to sense and respond to changes in their environ-
ment, improving the durability and functionality of repaired
masonry. These advanced repair techniques enhance efficiency,
durability, and sustainability while minimizing disruption to the
structure. By embracing these innovative methods, the repair
and retrofitting of masonry structures can be carried out more
effectively and with improved long-term performance.

5. Sustainable retrofitting solutions: The integration of eco-friendly
and energy-efficient solutions in masonry structure retrofitting
approaches can improve their environmental performance, en-
hance energy efficiency, and contribute to overall sustainability
goals. This includes the use of renewable energy systems, green
roofs, and innovative insulation materials. Renewable energy
systems such as solar panels or wind turbines can be inte-
grated into masonry structures to reduce energy consumption
and promote sustainability. Green roofs, consisting of vegetation
layers, provide thermal insulation, stormwater management, and
biodiversity benefits. Innovative insulation materials, such as
aerogels or vacuum-insulated panels, offer improved thermal
performance with reduced thickness, minimizing energy losses.

6. Smart materials: Smart materials can serve as advanced func-
tional components and essential elements for imparting intelli-
gent functions to structures. Technologies employing smart ma-
terials prove beneficial for both new and existing constructions.
However, additional research is needed to refine the design
guidelines of these systems. The establishment of codes, stan-
dards, and practices is integral for the continued advancement
in this field.

7. Digital Twin technology: The development and implementation
of digital twin technology to masonry structures enables the
real-time monitoring, analysis, and simulation of the structural
behavior, facilitating data-driven decision-making for mainte-
nance, repair, and retrofitting. By continuously collecting data
from sensors and monitoring systems, digital twins can create
virtual replicas of physical masonry structures. Digital twins pro-
vide insights into the performance, degradation, and structural
response to various load and environmental conditions. This en-
ables proactive maintenance planning, predictive modeling, and
optimization of repair and retrofitting strategies. By integrat-
ing digital twin technology, stakeholders can simulate different
scenarios, test interventions, and evaluate the long-term effects
on the masonry structure. This technology has the potential to
revolutionize the assessment, repair, and retrofitting processes,
improving the efficiency, resilience, and lifecycle management
of masonry structures.

By discussing these future trends, this section aimed to provide
insights into the potential directions for research and development in
the field of masonry structure assessment, repair, and retrofitting. It em-
phasized the importance of staying updated with emerging technologies
and methodologies to ensure the continued improvement and resilience
of masonry structures.
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6. Conclusion and discussion

In conclusion, this review has underscored the multifaceted chal-
lenges and opportunities in the assessment, repair, and retrofitting of
masonry structures. While we have emphasized the critical importance
of addressing seismic vulnerability, structural dynamics, architectural
integrity, and economic feasibility, there remains a pressing need to
translate these insights into practical solutions. Moving forward, it
is essential to bridge existing gaps in knowledge and technology by
prioritizing research and development efforts that focus on sustainable,
efficient, and cost-effective retrofitting methods. One avenue for ex-
ploration is the integration of emerging technologies, such as smart
materials and systems, which hold promise for revolutionizing main-
tenance practices and enhancing long-term structural performance.
Moreover, given the escalating threats posed by climate change, there
is an urgent call to explore retrofitting strategies aimed at bolstering
resilience against environmental stressors, particularly in vulnerable re-
gions and developing countries. This entails not only adapting existing
structures but also designing future-proof solutions that can withstand
the challenges of a changing climate. By continuously advancing assess-
ment, repair, and retrofitting techniques for masonry structures, we can
not only ensure public safety and preserve cultural heritage but also
build a more resilient infrastructure capable of meeting the demands
of the future.

Below, we provide a summary of the current state and offer rec-
ommendations for future directions in the assessment, repair, and
retrofitting of masonry structures.

1. The majority of human fatalities during earthquakes are at-
tributed to the failure of unreinforced masonry walls. Hence,
methods with a high potential to enhance the out-of-plain be-
havior of structures should be considered for retrofitting.

2. The high mass of URM structures is a significant characteristic
that must be considered. Hence, retrofitting methods that intro-
duce low additional mass are preferable in order to minimize the
impact on the overall structural dynamics.

3. Harsh environmental conditions can lead to the degradation
of appearance and the loss of architectural value in historical
masonry structures. Therefore, it is critical to implement suitable
repair and retrofitting methods to safeguard against these effects
and preserve the architectural integrity of the structures.

4. To determine the most effective intervention technique, it is im-
portant to assess the seismic vulnerability and potential collapse
mechanisms of structures resulting from constructive and tech-
nological deficiencies. A detailed assessment of seismic retrofit
upgrades on a case-by-case basis can determine the most ap-
propriate solution, taking into account factors such as cost and
complexity.

5. The architectural or historical value of a building must be con-
sidered. In historically important structures, it might not be
feasible to employ surface treatment methods, and other treat-
ments such as injection, center core, or base isolation techniques
must be utilized.

6. To implement low-cost methods that are not sufficiently suitable
poses not only a risk to the structure but only an economic
risk. Consequently, it is essential to also conduct a study on the
economics of retrofitting.

7. While low-cost or low-technology approaches may not con-
sistently deliver optimal efficiency, certain methods, such as
bamboo-band retrofitting techniques, have proven to exhibit
satisfactory performance.

8. The utilization of post-tensioning methods is discouraged, even
for historical buildings, in rural areas due to the substandard
quality of mortar and bricks.
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9. The advancement of smart materials and systems, such as smart
brick technology, is a growing research area with significant
potential. Beyond enhancing safety, these technologies also offer
the advantage of significantly reducing maintenance costs, by
replacing vulnerable components before they may cause damage
to other structural components. Accordingly, investigating the
application of intelligent materials and systems is a promising
direction for future studies in masonry structures.

Climate change and its effects on civil infrastructure have be-
come a pressing concern in the research community. URM
structures are particularly vulnerable and developing countries
have experienced substantial economic losses as a result. Hence,
retrofitting URMs to mitigate the effects of climate change is a
critical area for future studies.

10.
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