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Abstract

The preservation of historic masonry buildings poses a significant challenge in earthquake-prone regions,
where the dual objectives of safeguarding human life and protecting cultural heritage often require delicate
engineering compromises. This paper provides a comprehensive academic assessment of collapse prevention
in historic masonry structures, focusing specifically on field evaluation evidence gathered from post-
earthquake reconnaissance and structural health monitoring. Unlike contemporary structures governed by
standardized codes, historic masonry exhibits highly heterogeneous material properties and complex
structural typologies that complicate numerical modeling. Consequently, empirical data derived from field
evaluations remains the most reliable indicator of retrofit efficacy. This study systematically categorizes
prevalent structural vulnerabilities, outlines advanced methodologies for in-situ data collection, and
critically examines a spectrum of seismic retrofit strategies ranging from traditional steel tie rods to modern
textile-reinforced mortar applications. By analyzing empirical performance metrics from various field
evaluations, the research identifies which intervention techniques successfully mitigate out-of-plane
kinematic mechanisms and enhance in-plane shear capacity. The findings underscore the critical importance
of ensuring architectural compatibility, material reversibility, and the promotion of global box-like structural
behavior. Ultimately, the synthesis of this field evidence provides a robust foundation for refining
performance-based design criteria, ensuring that collapse prevention is achieved without compromising the
intrinsic historical value of the built environment.

Keywords: Seismic Retrofit; Historic Masonry, Collapse Prevention; Field Evaluation; Structural Reliability

1. Introduction
1.1 Context and Motivation

Historic masonry buildings represent a vital component of the global cultural heritage, embodying centuries
of architectural evolution, local craftsmanship, and social history. However, a significant portion of this historic
built environment is located in regions characterized by high seismic hazard. The inherent structural
characteristics of unreinforced masonry structures render them exceptionally vulnerable to the dynamic forces
exerted by earthquakes. The primary engineering challenge lies in the fact that these structures were typically
constructed to resist gravity loads, with little to no consideration for lateral seismic demands. Consequently,
when subjected to ground acceleration, the massive and brittle nature of stone and brick masonry frequently
leads to catastrophic structural failures. The catastrophic loss of life and the irreversible destruction of cultural
artifacts during recent seismic events have dramatically underscored the urgent need for effective seismic risk
mitigation strategies. In this context, the concept of collapse prevention emerges as the fundamental
performance objective within the paradigm of performance-based earthquake engineering. Achieving collapse
prevention ensures life safety by allowing severe structural damage under rare seismic events while precluding
complete global instability.

1.2 The Role of Field Evaluation Evidence
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While advanced computational tools such as finite element analysis and discrete element modeling have
significantly improved our theoretical understanding of masonry behavior, these numerical approaches are
heavily reliant on constitutive material models that often fail to capture the true complexity of historic
construction. Historic masonry is inherently heterogeneous, composed of varying unit sizes, highly degraded
mortar joints, and complex internal wall morphologies such as multi-leaf construction with rubble cores.
Because of these uncertainties, reliance on purely analytical models can lead to overly conservative or
dangerously inadequate retrofit designs. Therefore, field evaluation evidence obtained through rigorous post-
earthquake reconnaissance and continuous structural health monitoring is indispensable. Empirical data derived
from buildings that have actually experienced seismic excitation provides ground truth regarding which
retrofitting techniques perform adequately and which fail under real-world conditions. This paper utilizes such
empirical evidence to bridge the gap between theoretical retrofit design and practical field performance,
offering a comprehensive assessment of various intervention strategies [1].

1.3 Objectives and Scope

The primary objective of this comprehensive study is to assess the efficacy of various seismic retrofit
strategies in achieving collapse prevention for historic masonry buildings, relying strictly on evidence gathered
from field evaluations. This involves a detailed examination of the typical failure mechanisms associated with
unreinforced masonry and a critical evaluation of both traditional and innovative strengthening techniques. The
scope of the paper encompasses an analysis of in-plane and out-of-plane failure modes, the methodologies
utilized for collecting and interpreting field data, and the synthesis of performance metrics from recently
retrofitted structures subjected to seismic events. By isolating the variables that contribute to successful
collapse prevention, the research aims to provide actionable guidelines for practitioners and conservationists.
The subsequent sections will navigate through the historical context of masonry evaluation, detail the structural
vulnerabilities inherent to these buildings, explain the methodological frameworks for field assessment, and
critically discuss the empirical results derived from the implementation of modern retrofit strategies [2]. This
structured approach ensures a holistic understanding of how empirical field data translates into improved safety
and conservation practices [3].

2. Literature Review and Historical Background
2.1 Evolution of Seismic Retrofitting Philosophies

The approach to seismically retrofitting historic masonry buildings has undergone a profound evolution over
the past century, transitioning from highly invasive structural replacements to more nuanced, compatibility-
driven interventions. Following devastating earthquakes in the mid-twentieth century, the prevailing
engineering philosophy favored maximum structural safety, often at the expense of architectural heritage.
During this era, practitioners frequently employed heavy-handed techniques, such as the extensive application
of reinforced concrete jackets, the replacement of flexible timber roofs with rigid concrete slabs, and the
widespread injection of cementitious grouts. While these methods theoretically increased stiffness and strength,
subsequent seismic events revealed severe unintended consequences [4]. Field reconnaissance following
earthquakes in the Mediterranean region demonstrated that the introduction of overly rigid and heavy concrete
elements fundamentally altered the dynamic response of the historic structures, concentrating seismic demands
in vulnerable masonry walls and precipitating sudden shear failures. Recognizing these detrimental outcomes,
the conservation community and structural engineers gradually shifted towards the principles of minimal
intervention, material compatibility, and reversibility, as codified in international agreements such as the
Venice Charter and subsequent guidelines [5].

2.2 Shift Towards Performance-Based Assessment

As the philosophy of intervention matured, so too did the frameworks used to assess structural safety. Early
assessment methodologies relied predominantly on simplified empirical rules and prescriptive codes that were
largely inappropriate for the highly variable nature of historic construction. The literature reflects a gradual
paradigm shift towards performance-based earthquake engineering, which allows for a more rational evaluation
of existing structures by defining specific performance levels tied to varying seismic hazard levels. Within this
framework, collapse prevention is recognized as the ultimate limit state. Researchers began focusing on
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identifying kinematic mechanisms, particularly out-of-plane overturning of walls, which is the most frequent
cause of localized and global collapse in historic unreinforced masonry [6]. The identification of these macro-
elements and their associated collapse multipliers became a cornerstone of modern assessment literature.
However, the academic discourse continually emphasizes that these analytical macro-element models must
be calibrated and validated against empirical field observations to ensure their reliability in practical
applications.

2.3 The Importance of Post-Earthquake Reconnaissance

The most substantial advancements in understanding the seismic behavior of historic masonry have been
driven by systematic post-earthquake field reconnaissance. The literature is replete with extensive damage
surveys documenting the performance of retrofitted and unretrofitted buildings following major seismic events.
These studies represent invaluable repositories of empirical data, illustrating the real-world efficacy of specific
strengthening details. For instance, field reports have consistently highlighted the success of simple steel tie
rods in preventing wall separation and promoting a global box-like behavior. Conversely, the same field studies
have documented the repeated failure of inadequate connections between intersecting walls and between walls
and horizontal diaphragms. The systematic cataloging of these damage patterns has allowed researchers to
develop empirical fragility curves and damage probability matrices, which form the empirical backbone of
contemporary collapse prevention strategies. By synthesizing decades of literature and field reports, it becomes
evident that successful retrofitting is less about maximizing strength and more about enhancing ductility,
improving connections, and preserving the inherent energy-dissipating characteristics of the historical masonry
fabric.

3. Structural Vulnerabilities of Historic Masonry
3.1 Material Deficiencies and Degradation

Understanding the specific vulnerabilities of historic masonry is paramount to designing effective collapse
prevention strategies. At the fundamental material level, historical masonry is characterized by low tensile
strength, brittle failure mechanics, and significant variability in mechanical properties. The masonry units,
whether composed of clay brick, natural dressed stone, or irregular rubble, are held together by lime-based
mortars that have often degraded over centuries of environmental exposure. This degradation results in a loss
of cohesion and frictional resistance at the mortar-unit interface, dramatically reducing the overall shear
capacity of the wall assembly. Furthermore, many historic structures feature multi-leaf wall construction, where
two outer wythes of relatively good quality masonry enclose an inner core of loose rubble and weak mortar [7].
Under seismic excitation, the different stiffnesses of these layers can lead to internal separation, resulting in
the buckling of the outer wythes and sudden structural collapse. The presence of moisture, biological growth,
and previous poorly executed repairs further exacerbate these material deficiencies, making accurate pre-
earthquake assessment exceptionally challenging.

3.2 Out-of-Plane Kinematic Mechanisms

The most critical and frequently observed mode of failure in historic masonry buildings is the out-of-plane
overturning of perimeter walls. Because historic construction typically lacks strong connections between
orthogonal walls and between walls and horizontal floor or roof diaphragms, individual wall panels tend to act
as independent elements when subjected to lateral acceleration. Without adequate restraint, these tall, slender
walls can easily rock and eventually overturn, causing a catastrophic loss of support for the floors above. Field
evaluations routinely document various out-of-plane kinematic mechanisms, including simple overturning of
the facade, vertical bending, horizontal arching, and the overturning of upper corner elements. These
mechanisms are generally initiated at relatively low levels of ground acceleration, making them the primary
obstacle to achieving collapse prevention. Preventing out-of-plane failure is heavily reliant on establishing
robust connections that tie the building together, thereby forcing the structure to respond as a unified, three-
dimensional entity rather than a collection of loosely assembled planar elements [8].
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Figure 1: Comprehensive Schematic of Typical Seismic Failure Mechanisms in Historic Unreinforced Masonry Buildings
3.3 In-Plane Shear Failures

If out-of-plane overturning is successfully prevented through the presence of adequate connections or
specific retrofitting, the seismic demand is transferred into the plane of the shear walls. In-plane failure
mechanisms are typically characterized by diagonal tension cracking, toe crushing, or sliding along mortar bed
joints. Diagonal shear cracking, commonly forming an X-pattern due to cyclic load reversals, is the most
prevalent in-plane damage mode observed during field reconnaissance. While in-plane damage can severely
compromise the lateral load-carrying capacity of the structure, it is generally considered a more ductile and
energy-dissipating failure mode compared to out-of-plane overturning. The structure can often sustain
significant diagonal cracking without experiencing immediate total collapse, provided the gravity load paths
remain somewhat intact. However, in structures with large openings for doors and windows, the slender
masonry piers between openings are highly susceptible to shear failure and combined axial-bending failure,
which can rapidly lead to soft-story mechanisms and subsequent global collapse.

4. Field Evaluation Methodology
4.1 Post-Earthquake Damage Assessment Frameworks

The systematic evaluation of historic masonry buildings requires robust methodological frameworks to
ensure data consistency and reliability. Following a seismic event, multidisciplinary teams of structural
engineers, architects, and conservationists deploy to the affected regions to conduct comprehensive damage
assessments. These evaluations typically utilize standardized forms and damage scales, such as the European
Macroseismic Scale, which categorizes structural damage from slight non-structural cracking to total structural
collapse. The primary objective of these field surveys is to meticulously document the specific failure
mechanisms activated in both retrofitted and unretrofitted structures. Surveyors record parameters including
the geometry of the building, the typology of the masonry fabric, the quality of connections, the presence of
structural irregularities, and the specific characteristics of the observed cracks and displacements. This granular
level of detail is necessary to correlate the observed performance with the estimated seismic demands, allowing
researchers to isolate the variables that contribute to successful collapse prevention [9].

4.2 Non-Destructive and Minor-Destructive Testing

To accurately assess the pre-seismic condition of a historical structure and to understand the internal damage
sustained post-earthquake, field evaluations heavily rely on a suite of non-destructive and minor-destructive
testing techniques. Because preserving the historical fabric is paramount, highly invasive investigations are
generally discouraged. Techniques such as ground-penetrating radar and infrared thermography are extensively
used to identify hidden voids, internal moisture accumulation, and the presence of concealed architectural
elements or previous retrofit interventions. Sonic and ultrasonic testing provide valuable data regarding the
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homogeneity and dynamic elastic modulus of the masonry assembly by measuring the velocity of stress waves
traveling through the material. When more precise mechanical characterization is required, minor-destructive
techniques like flat-jack testing are employed. Flat-jacks inserted into mortar joints can determine the local
state of compressive stress and the deformability characteristics of the masonry. These empirical measurements
are critical for validating analytical models and assessing the residual capacity of damaged structures [10].

Table 1: Comparison of Non-Destructive Testing Techniques for Masonry Evaluation

Testing Technique Primary Application Advantages Limitations
Ground Penetrating Radar I(_ientlfylng internal voids and ~ High yesolunon, rapid Cor_nplex data. interpretation,
hidden elements scanning moisture sensitive
Detecting moisture and Completely non-invasive, Surface level only, requires
Infrared Thermography structural discontinuities large area coverage thermal gradient
Sonic Testin Assessing material Provides dynamic properties, Difficult to interpret in highly
& homogeneity and crack depth ~ portable equipment irregular rubble
. Measurmg in-situ Direct mechanical Minor destructive, highly
Flat-Jack Testing compressive stress and ; . .
. measurement, highly reliable localized results
deformability

4.3 Structural Health Monitoring (SHM)

In addition to post-event damage surveys, continuous structural health monitoring has emerged as a crucial
methodological tool for assessing the performance of historic masonry buildings over time. SHM systems
utilize networks of accelerometers, displacement transducers, and tiltmeters installed on strategic macro-
elements of the structure. By continuously recording the ambient vibration response and the structural reaction
to minor seismic tremors, researchers can track changes in the dynamic characteristics of the building, such as
natural frequencies and mode shapes. A sudden shift in these dynamic parameters often indicates stiffness
degradation or the initiation of structural damage that may not yet be visible to the naked eye. The integration
of continuous SHM data with periodic visual inspections provides a highly comprehensive methodology for
tracking the long-term efficacy of seismic retrofit strategies, ensuring that the structures maintain the
requisite capacity for collapse prevention.

5. Seismic Retrofit Strategies and Implementation
5.1 Traditional Intervention Techniques

The field of seismic retrofitting features a wide array of strategies, ranging from centuries-old traditional
methods to highly advanced composite material applications. Traditional techniques, primarily aimed at
improving connections and global structural integrity, remain highly relevant and effective. The installation of
metallic tie rods, typically inserted at the floor and roof levels to connect opposite walls, is one of the oldest
and most proven interventions. Field evaluations consistently show that properly anchored tie rods successfully
prevent out-of-plane overturning by providing necessary confinement and restraining the independent
kinematics of the walls. Another traditional approach involves the injection of compatible lime-based grouts
into the masonry core to fill voids and consolidate multi-leaf walls, thereby improving internal cohesion and
shear transfer. Additionally, local rebuilding of heavily degraded sections, known as the "scuci-cuci" technique,
restores continuity to the masonry fabric without altering its fundamental structural behavior [11]. These
traditional methods are widely favored by conservationists because they adhere strictly to the principles of
material compatibility and physical reversibility.

5.2 Modern Composite Material Applications

When traditional techniques are insufficient to meet the required collapse prevention criteria, modern
composite materials are frequently employed to enhance the strength and ductility of the historic masonry.
Fiber Reinforced Polymers, consisting of high-strength carbon or glass fibers embedded in an epoxy resin
matrix, have been widely used to strengthen vaults, arches, and shear walls. However, long-term field
observations have raised significant concerns regarding the breathability and physical compatibility of epoxy
resins with highly porous historic masonry, often leading to moisture accumulation and localized degradation.
Consequently, the research and conservation communities have largely shifted toward the use of Textile
Reinforced Mortar. This system utilizes inorganic lime-based or cement-free mortar matrices reinforced with
open-mesh grids of glass, basalt, or carbon fibers. The inorganic matrix ensures excellent bond compatibility
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and moisture permeability, preserving the physical health of the historic substrate. Field evaluations of
structures retrofitted with Textile Reinforced Mortar demonstrate significant improvements in in-plane shear
capacity and out-of-plane flexural strength, effectively bridging cracks and preventing brittle structural failures
[12].
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Figure 2: Detailed Architectural Diagram of Applied Seismic Retrofit Strategies on a Historic Masonry Facade
5.3 Diaphragm Stiffening and Global Integration

A critical component of any comprehensive collapse prevention strategy is the improvement of horizontal
floor and roof diaphragms. Historic timber floors are typically highly flexible and lack strong connections to
the perimeter masonry walls, preventing the distribution of lateral seismic forces and allowing the walls to
deform independently. Retrofit strategies focus on increasing the in-plane stiffness of these diaphragms while
maintaining their relatively low mass. Common interventions include adding a secondary layer of timber planks
oriented orthogonally or diagonally to the existing structure, interconnected with steel mechanical fasteners. In
more severe cases, a thin, lightweight reinforced mortar topping can be applied, provided it is properly
connected to the timber beams and securely anchored to the surrounding masonry walls. However, field
evidence strongly cautions against the creation of excessively rigid diaphragms, such as heavy reinforced
concrete slabs, which can attract disproportionate seismic forces and cause severe stress concentrations in the
masonry below. The optimal strategy balances increased diaphragm stiffness with the inherent flexibility of the
historic structure, ensuring a coordinated, global structural response without inducing sudden local shear
failures [13].

6. Results and Discussion of Field Evidence
6.1 Performance Analysis of Retrofitted Structures

The definitive measure of success for any seismic retrofit strategy is its performance during an actual seismic
event. Extensive post-earthquake field evaluations conducted over the past three decades have provided a rich
dataset for analyzing the efficacy of various interventions. Buildings that received comprehensive,
compatibility-driven retrofits generally exhibited excellent performance, achieving the primary objective of
collapse prevention even under seismic accelerations exceeding their original design levels. Specifically, field
data overwhelmingly validates the critical role of steel tie rods and improved floor-to-wall connections.
Structures where these simple, traditional interventions were properly executed rarely suffered from
catastrophic out-of-plane wall collapses. Even in instances where the masonry experienced significant in-plane
diagonal cracking, the presence of tie rods maintained the overall geometric stability of the building, preventing
the dislodgement of floor beams and the ensuing progressive collapse. This empirical evidence firmly
establishes connectivity as the single most important factor in the seismic survival of historic masonry [14].
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6.2 Assessment of Composite Interventions and Diaphragms

The field evidence regarding the use of composite materials and diaphragm stiffening techniques presents a
more nuanced picture. Interventions utilizing Textile Reinforced Mortar applied over large surface areas of
shear walls generally performed well, limiting crack widths and preventing the disintegration of highly
degraded masonry elements. The open-grid structure of the reinforcement allowed for stress redistribution
across the wall panel, maintaining structural integrity post-cracking. However, the performance of localized
Fiber Reinforced Polymer applications was occasionally problematic. In some observed cases, the very high
stiffness and strength of the composite strips, combined with strong epoxy adhesives, caused the premature
failure of the adjacent weak masonry substrate, effectively transferring the problem to an unreinforced zone
rather than resolving it.

Table 2: Empirical Performance Matrix of Retrofit Strategies Based on Field Evidence

Overall Collapse Prevention

Retrofit Strategy Out-of-Plane Performance In-Plane Performance
Efficacy
Steel Tie Rods Excellen.t restraint, prevents er}lmg] direct effect, ngh - Critical for global
overturning maintains geometry stability

Grout Injection Consolidates multi-leaf walls Mode.rate increase in shear Mod;rgte : nghly dependent
capacity on original voids

Textile Reinforced Mortar High flexural resistance Slgmﬁcant increase in shear High - Exce llent material
capacity compatibility

Rigid Concrete Roof Poor - Induces stress Poor - Causes massive shear Low - Frequently exacerbates

Replacement concentrations cracking damage

Regarding horizontal diaphragms, field surveys repeatedly highlighted the dangers of incompatible
interventions. Many historical buildings retrofitted in the late twentieth century with heavy reinforced concrete
roof slabs suffered partial or total collapse during subsequent earthquakes. The immense mass of the new roofs
generated inertial forces that far exceeded the shear capacity of the unreinforced masonry walls below, while
the extreme rigidity of the concrete prevented any beneficial energy dissipation through structural deformation.
Conversely, buildings retrofitted with lightweight timber stiffening techniques, such as diagonal planking or
discrete steel cross-bracing, demonstrated superior dynamic behavior. These systems successfully transferred
lateral loads without overwhelming the masonry supports, validating the modern preference for lightweight,
reversible diaphragm improvements. These field observations clearly dictate that strengthening interventions
must not fundamentally alter the dynamic characteristics or the mass distribution of the historical structural
system [15].

6.3 Implications for Future Engineering Practice

The synthesis of this field evaluation evidence holds profound implications for future engineering practice
and the evolution of conservation guidelines. The empirical data strongly advocates for a holistic, global
approach to seismic retrofitting rather than localized strengthening of individual elements. Engineers must
prioritize interventions that ensure a box-like structural response, primarily through improved connections and
moderate diaphragm stiffening, before addressing in-plane shear deficiencies. Furthermore, the evidence firmly
supports the continued movement away from heavy, irreversible interventions towards compatible, lightweight,
and often traditional techniques. The successful application of modern materials like Textile Reinforced Mortar
demonstrates that technological advancement can be harmonized with historical preservation, provided the
fundamental physical properties of the masonry substrate are respected. Ultimately, achieving collapse
prevention requires a deep understanding of the specific building's history, meticulous pre-intervention
assessment, and a conservative design philosophy deeply informed by the lessons learned from empirical field
data.

7. Conclusion
7.1 Summary of Findings

This comprehensive academic paper has systematically assessed the efficacy of seismic retrofit strategies
aimed at achieving collapse prevention in historic masonry buildings, relying extensively on field evaluation
evidence. The analysis underscores that the inherent structural vulnerabilities of unreinforced masonry—
namely material heterogeneity, lack of robust connections, and susceptibility to out-of-plane kinematic
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mechanisms—dictate a highly specialized approach to seismic risk mitigation. Empirical data gathered through
rigorous post-earthquake reconnaissance and structural health monitoring frameworks provides indisputable
evidence that global structural integration is paramount. Simple, traditional interventions such as the
installation of metallic tie rods and the enhancement of wall-to-diaphragm connections have proven
consistently reliable in preventing catastrophic overturning mechanisms and maintaining geometric stability
under significant lateral excitation. Conversely, the field evidence clearly demonstrates the severe detrimental
effects of incompatible, excessively rigid interventions, such as heavy concrete roof replacements, which
frequently precipitate the catastrophic failures they were intended to prevent.

7.2 Final Remarks and Future Directions

The successful integration of structural engineering safety with cultural heritage conservation requires a
delicate balance, informed continually by empirical realities rather than theoretical assumptions alone. Modern
techniques, particularly the application of Textile Reinforced Mortar, have shown tremendous promise in
improving in-plane shear capacity while respecting the chemical and physical characteristics of historic
substrates. Moving forward, the discipline must continue to refine non-destructive testing methodologies to
improve the accuracy of pre-earthquake vulnerability assessments. Additionally, the widespread
implementation of continuous structural health monitoring will be vital in validating the long-term performance
and durability of applied retrofit systems. The ultimate goal remains the preservation of human life through
reliable collapse prevention, ensuring that future generations inherit both a safe built environment and an intact
cultural legacy. By firmly anchoring retrofit design guidelines in the robust evidence derived from field
evaluations, the engineering community can confidently protect these irreplaceable historical assets against the
inevitable threat of seismic events.
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