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ARTICLE INFO ABSTRACT
Keywords: During the Midwest Tornado outbreak in December 2021, the historic downtown of Mayfield,
Tornado Damage Kentucky was heavily impacted. Employing digital documentation, numerical analysis, and on-

Masonry Buildings

ASCE 7-22 site wind speed estimations, this study evaluates the behavior of the impacted historic masonry

T buildings. It explores the structural damages and stress distributions observed in historic masonry
HISForlC Buildings . buildings impacted by tornadoes, comparing them to predictions made by the ASCE 7-22 stan-
Finite Element Modeling g
Point Cloud dard for tornado loads. Through this investigation, it becomes evident that the stress distribution

and damages produced by the on-site tornado wind speeds were significantly different than those
derived from the ASCE 7-22 standard. The current standard does not account for most historic
structures, typically classified as Risk Category.

II. Based on the results of this research, even when these structures are treated as Risk Category
111, the stresses estimated by the standard are much lower than the ones experienced on-site. This
disparity raises critical questions for preservationists evaluating similar masonry structures in
tornado-prone regions. Historic preservation emphasizes minimal intervention, so understanding
and addressing the specific vulnerabilities of historic masonry structures to tornadoes is crucial.
The analysis in this study identified uplift forces on the roof and high stresses on windward walls
as primary causes of damage in these structures, which aligned with the observed collapse
mechanisms. Preservationists can use these insights to develop targeted retrofitting strategies that
address these vulnerabilities while minimizing impact on the historic fabric. Recognizing these
nuances and their impact on structural behavior is crucial for safeguarding the resilience and
significance of historic civil structures. Thus, this study lays the groundwork for developing
evidence-based, preservation-sensitive guidelines for mitigating tornado damage to irreplaceable
historic masonry structures.

1. Introduction

The devastating impact of tornadoes on the built environment has been a long-standing concern, with the United States alone
experiencing almost a thousand tornadoes each year [14]. Despite the low probability of occurrence, these extreme events can cause
extensive damage in minutes, leaving little time for evacuation [67]. In the last decade, tornadoes like Joplin, Tuscaloosa, and Moore
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have caused extensive damage and fatalities in their aftermath [39]. Even with recurrent devastating tornado outbreaks, only recently
has the ASCE 7-22 standard incorporated tornado loading into its documentation, specifically for Risk Category III and IV structures
[5] which include buildings with high occupancy and essential facilities.

Tornadoes are classified between EFO to EF5 (Enhanced Fujita Scale) based on the damages observed after the event [48]. Even
with the turbulent nature of these wind events, only a limited section of the impacted area encounters the high wind speeds associated
with the tornado classifications. Tornadoes such as Joplin catalyzed studies to determine tornado characteristics such as speed, flow
patterns, pressure variations, and induced forces [58]. One of the primary approaches implemented to estimate these properties relies
on the use of tornado simulators in laboratories [27,75], but due to the limited number of simulators these can also be estimated via
wind tunnel tests [38]. In the last decade, numerical simulations studies have used large eddy models for wind simulation [38,37] or
combined computational fluid dynamic models with a finite element mesh to study tornado-structure interaction [78].

In addition, most of the tornado studies have been focused on wooden and/or residential structures [65,69,42,71]. While re-
searchers have evaluated the behavior of extreme wind loading conditions on low-rise structures and highlighted their increased
susceptibility to damage [16,26], they rarely focus on masonry structures. Most masonry construction in the United States dates back
to the early 19th century [59], making them an integral part of the built environment. To the authors’ knowledge, the investigation
conducted by Sparks et al. [68] following the 1984 wind storms (tornado and hurricane) stands as the earliest reference indicating the
vulnerability of masonry structures to significant damage, highlighting the necessity for further exploration in this area.

Reconnaissance missions undertaken after multiple tornadoes have documented the damage observed in the masonry structures
[46,43,76,57,44]. This work seeks to understand “How do the actual structural damages and stress distributions in historic masonry
buildings impacted by tornadoes compare to those predicted by the current ASCE 7-22 standard for tornado loads?”. While addressing
this question, it also explores the resulting implications for the assessment, strengthening, and preservation of these structures. With
tornado loads recently integrated into the design standard, the novelty of the work presented lies in its comprehensive assessment and
comparison of the actual structural damages and stress distributions in historic masonry buildings impacted by tornadoes against those
predicted by the ASCE 7-22 standard for tornado loads. Employing digital documentation techniques, numerical analysis, and on-site
wind speed estimations, this study uniquely assesses the behavior of historic masonry buildings during the December 2021 Midwest
Tornado outbreak, with a specific focus on Mayfield, Kentucky’s historic downtown. Its methodological approach, direct comparison
between observed and predicted structural behaviors under tornado loads, and implications for the preservation and reinforcement of
historic masonry structures contribute to the novelty of this work.

1.1. Disaster overview

In December 2021, the unexpected tornado outbreak in the Midwest regions of the United States generated multiple tornadoes
[25]. Among these, the Midwest Tornado covered a distance of 250 miles and was categorized as an EF-4 tornado [56]. It passed
through Arkansas, Missouri, Tennessee, and Kentucky, leaving behind a trail of destruction, with Kentucky (KY) being the most
impacted [66].

In response to this disaster, a two-phased reconnaissance mission was organized to collect damage data from the impacted sites. The
first phase was conducted as a part of the Structural Extreme Events Network (StEER) and concentrated on evaluating the widespread
damage in the impacted regions in December 2021 [57]. The second phase, organized in March 2022, focused on digitally doc-
umenting the historic masonry structures in Mayfield, KY [33].

Mayfield, KY, is a town whose historic downtown was listed in the National Register of Historic Places [54]. The town was
established in 1821 and served as a social and economic hub for many years. In 1984, Mayfield’s downtown area earned a spot on the
National Register of Historic Places due to its diverse architectural styles, evidence of town planning, and significant historical events.

Fig. 1. The original post office (orange) and the additions done in 1950.
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Subsequently, the registration was updated in 1995 to include surrounding buildings that also contribute to the town’s historic
characteristics [55].

In March 2022, the authors conducted a reconnaissance expedition in collaboration with field experts from the RAPID facility at the
University of Washington. The primary objective of this mission was to digitally record the historical masonry structures in Mayfield,
Kentucky, which had suffered significant damage during the Midwest Tornadoes in December 2021. Since the initial damage
assessment conducted in December 2021, many of the impacted historic buildings had been demolished by the time of the recon-
naissance in March 2022. Consequently, only 13 historic masonry buildings remained available for documentation. For the current
study, the focus lies on the documentation of the US Post Office.

1.2. Case Study: US Post Office

The US Post Office in Mayfield was constructed in 1910, as a replacement to its predecessor, a wooden-framed structure, and
features a classical revival style with marbled columns on its entryway and a detailed stone and brick parapet [54]. Even though the
building had undergone alterations around the 1950 s, it still retained some of its original features as seen in Fig. 1.

In December 2021, the Midwest Tornado passed close to the US Post Office, according to the estimated path (Fig. 3). This resulted in
significant damage to the Post Office, while its adjacent structures were razed to the ground. The damages observed for the Post Office
included roof damages, broken windows and wall collapse (Fig. 2).

2. Numerical modeling strategy

The numerical modelling strategy adopted in this study is a result of the data obtained during the March reconnaissance mission.
Digital documentation techniques, such as Terrestrial Laser Scanning or Photogrammetry, often serve as the base for generating finite
element models [17,20]. This research implements a numerical strategy that provides an efficient means to convert digitally docu-
mented structures into finite element models, requiring minimal time intervention. This method consists of two main steps: first,
generating the point clouds from the data collected and second, converting these point clouds into finite element models that work
with commercial finite element software.

Subsequently, for determining tornado wind speeds and their corresponding loads, this study employs two approaches. The on-site
wind speed estimation relied on analyzing tree fall patterns to deduce wind characteristics, offering valuable insights into the tornado’s
behaviour. The second set of wind speeds were calculated using the ASCE7-22 design standards. Once wind speeds are determined,
they were translated into tornado-induced loads through procedures outlined in the ASCE 7-22 standard, as explained in detail ahead.

2.1. Photogrammetric data acquisition and processing

Spatial documentation of a structure often relies on combining photogrammetry and Light Detection and Ranging (LiDAR) tech-
niques. While LiDAR is widely acknowledged for its high precision [49], the combination of both these techniques yields even more
accurate results [6]. With that in mind, the US Post Office was documented using both these approaches. The Leica RTC360 LiDAR
scanner was employed to capture the external facade of the structure. This choice was predicated on the scanner’s capabilities to
accurately capture image data at a rate of 2 million points per second, generate a point cloud in under two minutes, and ease of
portability [11]. The scanner was positioned at all the corners and mid-points of the structure, totaling to eight scans of the Post Office
[33].

In addition, an Unmanned Aerial Vehicle was utilized to capture aerial imagery of the Post Office. For this, the DJI Matrice was
flown in a grid-like and circular pattern to maximize images captured of the building. While both the data capture methods are
effective, it is evident from Fig. 4 that certain portions of the USPS were not fully covered. This limitation was particularly notable on
the roof and walls, where factors such as reflections from stagnant water or limitations in UAV image capture contributed to the gaps in

(a) Wall and Roof Damage (b) Broken Windows

Fig. 2. Some of the damages seen on the US Post Office.
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Fig. 3. An overview of the disaster and building location (Mayfield Plan [55]).

data. Therefore, the integration of point clouds from both the UAV and LiDAR played a crucial role in mitigating these “missing”
sections of the point cloud. Fig. 5 illustrates the point cloud obtained from combining both data sets.

Following the data capture, the data was processed using a three-step approach. The first two steps concentrated on generating
point clouds according to the instrument employed for data capture, while the third step was designed to merge both the point clouds.
The UAV images were processed through Pix4D, a widely adopted photogrammetry software known for its point cloud generation
capabilities [7]. For the LiDAR scans, the data was imported into Register 360, utilizing its built-in visual alignment tool to align the
scans. The primary objective was to achieve a minimum of 90 % overlap between the various scans. The Cyclone package was used to
integrate the independently processed point clouds. For more information about the data processing steps, the reader may refer to
Kaushal et al [33].

Fig. 4. The point cloud generated for the US Post Office, using the UAV images.
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Fig. 5. The final point cloud generated by combining the LiDAR and UAV point clouds.
2.2. Generating the finite element model

The use of point clouds to generate numerical models is an increasingly popular research area. This approach allows creation of
highly detailed 3D models [9], which can be used for structural analysis [64], damage assessment [77] and preservation of historic
buildings [36]. However, there is an intermediate step which often involves the use of Computer-Aided Design (CAD) to create a
geometric replica of the point cloud prior to being used as a numerical model, which is a time-consuming process [17]. In an attempt to
reduce the time and effort to produce CAD models, researchers have proposed ways to bypass this step and convert point clouds into a
numerically usable model [28,8,18].

Considering the previously mentioned fact, this project employed an open-source software named Cloud2FEM for transforming the
point clouds into finite element meshes. This software, developed by Castellazzi et al [18], has been validated for various structures
and their damages [32,21]. In this software, the point cloud is first sliced vertically into ‘n’ number of slices, as defined by the user. For

Fig. 6. The steps for generating the finite element mesh in Cloud2FEM.
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each of these slices, a closed polygon is created by connecting all the points within it. The closed polygons are usually representative of
the internal and external walls. These closed polygons for ‘n’ slices are then stacked together to generate a 3D voxelized object, where
each voxel is converted into an 8-node hexahedral element to form a 3D solid mesh. More details about this process and the software
can be found in these references [17,18].

While constructing the mesh for the Post Office (Fig. 6), after inputting the point cloud into Cloud2FEM (Step 1), the point cloud
was divided into 52 discrete slices (Step 2). The number of slices was decided based on the preliminary simulations and the height of
the structure. Following the generation of slices, centroids were computed for each of these slices (Step 3). It is advisable to eliminate
random points and outliers from each slice before centroid computation, as failing to do so resulted in a substantial increase in the
computation time. Subsequently, the polylines were formed by connecting adjacent centroids to each other (Step 4). The most time-
consuming step is the process of refining these polylines to align with the underlying geometry of the slices point cloud. Once the
polyline refinement step is completed, polygons are constructed and meshed (Step 5). It is important to note that the mesh resolution
depends on the thickness of the slice, the number of slices and the grid parameters that can be specified in the software’s graphical
interface.

2.3. On-site wind speed estimation

Estimating the wind speeds in the aftermath of a tornadic event is often a time-consuming task. Research has identified indicators
that have previously been used for this estimation, which range from physical damages to residences [40], tree fall patterns [10] to
impacted traffic signs [13,61]. Over the years, damages to trees and their fall pattern have been used more broadly to estimate the wind
speeds [62].

Following the tornado in Mayfield, 337 trees were identified near downtown to help estimate the wind speed [60]. The authors
used these patterns to calculate the parameters for the Rankine Vortex (RV) model to reconstruct the wind field map, offering an
independent avenue for wind speed estimation alongside radar measurements and structural damage evaluation. Based on these
calculations, the wind speed time history for the Mayfield Post Office was estimated with the peak wind speed as 88 m/s, estimated
within a 95 % confidence interval.

2.4. ASCE wind speed estimation

In the updated design standard ASCE 7-22, the chapter (chapter 32) on tornado loads provides probabilistic wind speed maps to
estimate these speeds based on parameters such as building area and mean return periods. In evaluating tornadic events between 1995
and 2016, it was observed that lower-intensity tornadoes (EFO, EF1, and EF2) were highly prevalent, accounting for nearly 99 % of all
recorded tornadoes [73]. Given this, the current standard provides wind speeds for EFO-EF2 tornadoes for a 1,700 and 3,000-year
return period. Notably, ASCE7-22 specifically addresses tornado wind speeds for Risk Category III and IV structures, which encom-
pass critical infrastructure and essential facilities. However, this standard does not provide provisions for historic buildings, typically
classified as Risk Category II structures.

Although the tornado wind speeds experienced in Mayfield were estimated to be significantly higher than those prescribed in the
code, they were calculated to provide a comparison to the on-site damage observations. These wind speeds are also available for
specific locations via an online ASCE Hazard Tool [1], which provides them for return periods between 1,700 to 10,000,000 based on
the built area. For the post office building, which had an estimated area of 795 square meters, the wind speed calculated through linear
interpolation was 35.4 m/s for a Risk Category III structure, considering the specified return period. However, when assuming the
maximum return period of 10,000,000 years, the calculated wind speed for the post office was 114.8 m/s, which is closer to the wind
speed estimated through on-site damage analysis.

2.5. Wind load calculation

Once the wind speeds are determined, the wind speeds can be converted into tornado-induced loads by following the procedures
outlined in the ASCE 7-22 standard, specifically detailed in Chapter 32 [5]. The calculation of pressure acting on the primary wind
force-resisting system (MWEFRS) is based on the following equation:

P =q x Gy x KT x KyT x C, — q;(GCyi) ®

where q is tornado velocity pressure at a specific height of the structure, G is the gust factor taken as 0.85, Ky is the directionality
factor taken as 0.8, and K, is the tornado exposure coefficient, assumed to be 1.1. The external pressure coefficient is C, and the
internal pressure coefficient, GCy; results from the multiplication of the gust factor and the internal pressure coefficient. The tornado
velocity pressure is computed as:

q=0.613 x K,T x K, x Vg x K, x V2[N/m?] (©))

where Ke is the ground elevation factor and is taken as 1 for a building shorter than 61 m, and VT, the design tornado wind speed (m/s).
Since the focus of this study is the MWFRS, the components and cladding portions of the tornado load calculation is not included in this

paper.
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3. Simulation and analysis

To assess the vulnerability of the Post Office under varied tornadic loading, computational simulations were carried out to test the
modeling strategy and compare it to the damage on site. The goal was twofold (i) to evaluate the numerical model by comparing the
results of the structural analysis to the damages captured on-site, and (ii) to conduct a qualitative assessment of the disparities in
damage patterns between the wind speeds estimated on-site and those stipulated by the ASCE 7-22 standard. All numerical modeling
and analyses were executed using ABAQUS, a commercial finite element software [2].

Over the last few years, nonlinear analysis has become popular due to the increasing computational power of the available software
[63]. During this analysis, the model is loaded incrementally to reach its peak and post-peak stage. At each step, the nonlinear dif-
ferential equations are solved keeping in mind the model’s mechanical nonlinearity [23]. Historical applications of nonlinear static
analysis simulations have ranged from gaining insights into the behavior of a historic masonry tower [15] to assessing the damages
observed in the aftermath of the 2012 Emilia Earthquake [22]. Given that the goal of this study was to understand how actual
structural damages and stress distribution in historic masonry buildings impacted by the tornado compare to those predicted by the
current 7-22 standard, the execution of a nonlinear static analysis was a feasible approach. The loading conditions were determined for
the main wind force-resisting system and the roof using the wind speeds mentioned earlier.

For the simulations, the tornado pressures were calculated individually for all the walls and the roof. These pressures were then
multiplied with the respective surface areas to convert them into uniform loads. Given that these pressures acted at a defined angle on
the walls, these were segregated into parallel and perpendicular loading conditions for easier application within ABAQUS.

3.1. Constitutive model

For modeling the nonlinear behavior of masonry, the Concrete Damage Plasticity (CDP) model within ABAQUS was implemented
(Table 1). Even though this model was initially developed for brittle materials like concrete [41], it has been extensively used to
simulate the behavior of masonry buildings [3,19,74,34]. The model uses concepts of varying material properties in compression and
tension, with distinct damage parameters where the main failure mechanisms are tensile cracking and compressive crushing. In
tension, the material behaves linearly till the peak stress is reached (c,), after which cracks begin to appear. Similarly, in compression,
once the material reaches yield stress (c.), compression crushing occurs. The damage parameters in tension (d;) and compression (d.)
are calculated as:

o= (1—d;) x Eyg x (G[ - E’[’l) 3)
6= (1-d;) xEy x (€ — efc’l) (€))]

where, 6;and o, are the compressive and tensile stresses, Ej is the initial elastic modulus, €; and € are the total strains, € Pland e P are
the plastic strains in tension and compression. The damage parameters have values ranging from 0 (no degradation) to 1 (full
degradation).

While implementing this constitutive model in ABAQUS, other parameters like the dilation angle (y), eccentricity (€), the ratio
between biaxial compressive strength and uniaxial compressive strength (f b0/ fc), and a viscosity parameter (y) are also needed. The
dilatancy angle usually varies between 0° to 36°, to capture model behaviour [4], the eccentricity and f b0/ fc values recommended by
ABAQUS are 0.1 and 1.16 respectively [2].

3.2. Model calibration and validation

The initial construction material used for the Post Office was was brick masonry. However, when it was renovated, the additional
sections were built using concrete masonry units. In the absence of direct experimental data to accurately define the material prop-
erties of the Post Office, especially considering that its construction phases involved both brick and concrete masonry units, the
approach necessitated a strategy to estimate these properties as accurately as possible. While there was a basic understanding of the
potential range of parameters based on existing literature [24,17], the wind speeds [60], and the final damage state of the building
after the tornado, these elements alone were insufficient for precise modeling. Consequently, an extensive series of simulations were
run, employing an established methodology for parameter estimation of masonry based on observed damages [53]. The need for a
robust method to manage and quantify the uncertainties associated with the estimated material properties led to the adoption of the

Table 1

Value of the CDP parameters adopted for the
simulation.

Parameter Value
Dilatancy Angle 20°
Eccentricity 0.1
fbo/ fe 1.16
K. 0.66
Viscosity Parameter 0.002
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Latin Hypercube Sampling (LHS) technique.

LHS was chosen for its efficiency and effectiveness in enhancing the predictive accuracy and reliability of the computational model
under these uncertain con- ditions. Unlike conventional random sampling methods, which might overlook certain areas of the
parameter space or over-represent others, LHS ensured a comprehensive and even exploration of all possible values of the material
properties. By dividing the range of each parameter into intervals of equal probability and randomly selecting a single value from each
interval, LHS minimizes sampling bias and maximizes the diversity of the sample set. This approach is particularly valuable in this
context, where the accurate representation of material properties is crucial for the reliability of the model’s predictions regarding the
structural behavior of the building under tornado loads. This iterative process, involving over 200 simulations, was crucial for nar-
rowing down the vast parameter space to identify the set of material properties that most closely mirrored the real-world damage. Each
simulation acted as a hypothesis test, with the resulting damage state compared against the empirical evidence. The simulation that
resulted in a damage state most akin to what was observed in reality was then selected as representing the most likely material
properties of the US Post Office for the purposes of our subsequent analysis. This simulation-based approach allowed the authors to
address the challenges posed by the lack of direct material property data, providing a foundation for more accurate and reliable
structural analysis. The range of material properties provided to the LHS model was determined based on the masonry quality index
[12] and data from Emami et al [52], covering the wide spectrum of possibilities. After running the LHS simulations, the final material
properties adopted were from Emami et al [52], since they provided material deterioration values whose results matched well with the
on-site damage locations.

To run the simulations, the eastern wall was assumed as the windward wall (Fig. 3), based on the approximate path of the tornado.
This assumption was backed by the fact that maximum damage to the structure was observed on this wall and the on-site wind speed
angle that was estimated. The primary areas of damage to the Post Office were concentrated on the eastern (windward) wall, the roof,
and the windows. These included broken windows and wall collapses, which closely resembled the damages witnessed during the
tornado event. Masonry walls are susceptible to damage when subjected to high internal pressures, occurring during the breach of
windows and doors, or as a result of combined positive and negative pressures leading to wall collapse [43], as observed for the Post
Office (Fig. 7).

Since the focus of this research lies in qualitative assessment of the damages seen, Fig. 8 illustrates the depicts stress patterns and
their localized concentrations resulting from uplift forces on the roof, a phenomenon that is very common during tornadic activity.
These stress concentration patterns were located near the windows for the Post Office, and can be extrapolated to correlate to roof
failures, which often corresponds to the presence of dominant openings including broken windows and doors [51]. The tornado
pressures acting on the surface of a structure are spatially heterogeneous and depend on the configuration of the structure, the wind
speed and direction, along with the surrounding environment [70], often they are simplified during numerical simulation. The higher
turbulent intensities felt at lower heights and the variations in roof loading due to the geometry are the two reasons why tornado
impact on low-rise structures can be more complicated [29]. This leads to wall collapses or roofs being torn off [31], which are often
preceded by cladding or small-component level failures due to internal pressurization or connection failures due to inappropriate load
paths [35].

Furthermore, the authors investigated the variation in stress levels for the simulated model under different enclosure classifications
outlined in ASCE7-22. This exploration aimed to comprehend how the structural behavior might differ based on these specifications.
Enclosure classifications are crucial in determining internal pressure coefficients utilized for calculating tornadic loads, as per design
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Fig. 7. Comparison between the nonlinear static analysis and the damage seen on-site.



S.S. Kaushal et al. Engineering Failure Analysis 163 (2024) 108539

—\\ /
S, 533 ~—
(Avg: 75%)
+6.346e+07
+2.071le+07
-2.204e+07
-6.478e+07
1.075e+08
iy
— =
¥ =
—
W= 1

3 > o=

e e — ——

X3
e

=>

BT Il

Fig. 8. Stresses generated due to the uplift forces for all the walls.

A}

standards. These classifications are enclosed, open, and partially enclosed structures with high or moderate internal pressure, that vary
based on the extent of the openings in the building envelope. Once there’s a breach in the structural system, like damaged doors or
windows, it’s reasonable to consider a partially enclosed condition to exist. Fig. 9 depicts the variation in the total pressure exerted on
the walls and roof when the structure was simulated using different enclosure classifications. Regardless of whether it’s a wall or the
roof that’s affected, enclosed structures consistently experience higher pressure levels as compared to other enclosures, while open
structures encountered much lower pressures. Even though open structures inherently face lower levels of pressure, when there is a
breach in an enclosed structure the sudden escalation in the pressure leads to damage [30]. However, the global behaviour of the
structure and the damages incurred will depend on the configuration of the openings [50,72], highlighting the importance of indi-
vidually identifying the building’s requirements to mitigate tornado damage.

3.3. ASCE wind speed based simulations

Following the validation of the model’s behavior to match the observed damages on-site, a subsequent round of simulations was
conducted, exposing the model to tornado loads corresponding to the ASCE wind speeds. These ASCE wind simulations (L1) were
compared to the simulations performed using the on-site wind loads (L2). Prior to the simulations, a comparison of wall and roof
pressures between the two wind speeds was conducted, as illustrated in Fig. 10. The comparison revealed that the ASCE stresses were
significantly lower in contrast to those encountered by the structure during the tornado, suggesting a greater propensity for extensive
damage during a tornado.

Fig. 11 provides a visual representation of the comparative analysis between the stresses produced by the two loading conditions.
An examination of the ASCE 7 (L1) loading conditions in comparison to the documented on-site damage reveals that the stress
generated were insufficient to induce the uplift or wall damage observed in the field. In contrast, the on-site (L2) loading condition
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Fig. 11. The different stress variations when subjected to ASCE (L1) and On-site (L2) loading conditions.

resulted in significantly elevated stress levels within the primary wind force-resisting system, aligning qualitatively with the areas of
impact on the structure. It is noteworthy that, irrespective of the evaluation direction, the on-site (L2) loading condition consistently
yielded higher stress values. The analysis revealed notable differences in the stresses experienced by the building under on-site speeds
compared to those under ASCE 7-22 standard wind speeds.

4. Discussion

As aresult of the findings and revisiting the central research inquiry posed in this paper, “To what extent do the observed structural
damages and stress distributions in historic masonry buildings affected by tornadoes deviate from the predictions made by the current
ASCE 7-22 standard for tornado loads?”, it is evident that the on-site damages and stress distributions significantly surpass those
predicted by the ASCE 7-22 standard for tornado loads. This discrepancy highlights a gap in the existing standards and underscores the
need for a comprehensive reevaluation of how historic masonry buildings are assessed and strengthened in tornado-prone regions. The
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results suggest that the ASCE 7-22 standards, while robust for general construction, may not fully encapsulate the vulnerabilities and
structural behaviors of historic masonry buildings under extreme wind loads.

Given this, while exploring the implications these results have on the assessment, strengthening, and preservation of historic
structures, the authors advocate for the development of more nuanced, preservation-compatible guidelines that can better predict and
mitigate the risks to these structures. Guidelines such as these, would not only need to integrate structural analysis techniques but also
respect the architectural integrity and historical value of the buildings in question. Preserving heritage in tornado-prone regions re-
quires implementing strategic reinforcement techniques, tie-down systems, and load path strengthening without compromising the
historic fabric. By investigating how historic structures and tornado impact is similar and different from ASCE 7-22 loading, will help in
providing minimal intervention and maximizing the resilience of these structures. Developing such strategies necessitates a multi-
disciplinary approach, integrating insights from structural engineering, material science, historic preservation, and computational
modeling.

The limitation of this study lies in its focus solely on the Post Office, and the simplified numerical simulations conducted to
comprehend the overall behavior and compare stress concentrations for on-site versus ASCE wind speeds. On comparing the behaviour
of other masonry structures in Mayfield, it was observed that they all underwent similar damage (Fig. 12). The increased roof pressures
caused uplift, subsequently destabilizing lateral support and causing wall collapses. Given that these load-bearing walls typically lack
internal reinforcement, they are also vulnerable to disintegration and expulsion resulting from tornado-induced pressures.

Furthermore, this behavior is not isolated to this specific tornado event. Both the EF5 tornado that struck Joplin, Missouri in 2011
and the EF3 tornado that hit Nashville, Tennessee in 2020 had similar impacts on masonry structures. In the aftermath of the Joplin
tornado, masonry structures exhibited damage along horizontal lines, where failure of load-bearing walls resulted in either partial or
total roof collapse [47]. Similarly, during the Nashville tornado, intense winds caused masonry walls to fail, resulting in partial or
complete roof collapses [44]. During a tornadic event, the breach in doors or windows causes a rapid increase in internal pressure
leading to uplift of the roof or wall collapses originating due to weak connections [45]. These failures highlight the critical importance
of continuous tie elements and properly anchored roof diaphragms in masonry construction to withstand the powerful uplift forces and
internal pressures created by tornado wind loads. Many of these masonry buildings lacked the structural enhancements necessary to
transfer the induced tornado loads through an intact load path. Thus, these consistent failure patterns observed in masonry structures
across different tornado events emphasize the urgent need for improved building standards, specifically for older constructions and
retrofitting measures to enhance their resilience against extreme wind forces.

5. Conclusion

Tornadoes have long presented a formidable challenge to the built environment, especially in the United States, where nearly a
thousand tornadoes occur annually. Despite their sporadic yet devastating nature, it’s only in recent years that the ASCE 7-22 standard
has incorporated tornado loading considerations, primarily for structures falling under Risk Category III and IV. While previous
research has extensively examined the behavior of wooden or residential structures under tornado conditions, masonry structures,
often found in historic districts, have been overlooked.

During post-tornado reconnaissance, these historic masonry structures, typically designated as Risk Category II, have sustained
substantial damage. This study aims to assess their performance and compare the stress distributions encountered on-site with those
prescribed by design standards. To achieve this, the research utilizes simulations of a structure impacted during the December 2021
Midwest Tornado. Based on the research findings and the central research inquiry posed in this paper, it is clear that the structural
damages and stress distributions observed in historic masonry buildings affected by tornadoes surpass the predictions outlined in the
ASCE 7-22 standard for tornado loads, irrespective of their assumed Risk Category. This disparity highlights a deficiency in existing
standards and emphasizes the necessity for a thorough reassessment of how historic masonry buildings are evaluated and fortified in

(a) American Legion (b) Urban Outfitters

Fig. 12. Masonry buildings in Mayfield showcasing similar damages.
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tornado-prone areas.

Consequently, there is a pressing need for the development of more nuanced, preservation-compatible guidelines that can better
predict and mitigate the risks to these structures. Such guidelines must integrate structural analysis techniques while respecting the
architectural integrity and historical significance of the buildings. By understanding how historic structures respond to tornadoes, as
compared to the ASCE 7-22 loads, will allow for minimal intervention strategies to enhance the resilience of these structures. This
necessitates a multidisciplinary approach, integrating insights from structural engineering, material science, historic preservation, and
computational modeling.

Furthermore, while this study primarily focuses on the US Post Office, the observed behavior of other masonry structures in
Mayfield reinforces the necessity for targeted preservation strategies addressing common damage patterns and vulnerabilities across
historic districts. In conclusion, this research opens avenues of discussion pertaining to the decision-making and proactive measures to
safeguard cultural heritage in the face of tornado events.
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