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Abstract This study investigates assessing the struc-
tural behaviour and efficacy of historical masonry towers
constructed using unreinforced masonry techniques. Four
such towers were subjected to numerical analysis through
the finite element method (FEM) in the aftermath of the
2015 Nepal earthquake. The initial stages involved visual
inspections to gauge the towers’ structural conditions. Using
these visual assessments and data from existing records, pre-
cise geometrical plans and elevations for each tower were
incorporated into AutoCAD. Subsequently, comprehensive
3D-models of the towers were subjected to complex analysis
containing static and dynamic assessments. Employing the
ANSYS Workbench tool (version-14) with Indian codal pro-
visions and guidelines (IS:875, Part I-III) offered a distinct
insight into the study. Material properties of the towers are
accomplished through non-destructive testing (NDT), incor-
porating Rebound Hammer and Ultrasonic Pulse velocity
methods. Site visual inspections unveiled significant damage
to integral tower components such as arches, openings, and
masonry walls. This observation highlights susceptibility to
abrupt structural elements and material failures. Further-
more, utilising NDT data as a computational input stimu-
lated insights into the substantial influence of tower geom-
etry—encircling factors like slenderness, wall thickness, and
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openings-on structural capacity regarding stresses, deforma-
tions, and overall performance. The research highlighting
vulnerabilities and structural complexities extends to sug-
gesting mitigation strategies, notably retrofitting, that can
preserve these valuable remains of history.
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Introduction

Masonry construction, an ancient building technique, per-
sists in rural areas of underdeveloped nations. Over 70
percent of global structures are masonry-based [1], found
both as stand-alone buildings and integrated parts of urban
landscapes, such as churches, castles, and city walls. In this
study, the towers are constructed independently within the
university premises. Protecting historical monuments from
structural risks is a complex study. It involves analyzing
their current state, investigating their historical context and
construction techniques, identifying present damage causes,
and designing rehabilitation and prevention strategies. While
India’s historic structures, such as the Taj Mahal, Qutub
Minar, and Rang Ghar, have received some attention [2—4],
numerous studies focus on in-situ surveys, damage assess-
ment, and seismic evaluations [5-8].

Seismic response analysis, particularly post-failure, has
been conducted for masonry towers [9—11]. We develop
three-dimensional (3D) Finite Element (FE) models for
each tower, performing static and dynamic analyses (modal
approach). Unreinforced masonry structures’ behaviour and
damage patterns have been investigated through various
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numerical models, including finite element and discrete
element approaches [12—14]. When unreliable connections
exist, as seen in these towers, smaller portions susceptible to
local collapse mechanisms are analyzed in 3D. While prior
literature has discussed masonry’s mechanical behaviour in
the context of FE modelling [15, 16], there’s a lack of in-
depth exploration of its nonlinear phase characterized by
crack propagation.

Assessing the structural vulnerability of historic build-
ings requires considering both normal loads (weight, snow,
wind, etc.) and exceptional events (earthquakes, tempera-
ture, atmospheric effects, etc.) [8, 17-19]. This research
contributes to understanding masonry structures’ response
to seismic events, aiding in their preservation and resilience
against routine and exceptional loads.

The comprehensive study encompassed historical and
archaeological investigations [20], analyses of the historical
structures [11, 21, 22], non-destructive testing of masonry
[15], examination and evaluation of wooden components,
windows, and doors. Inadequate maintenance, particularly
on roofs, led to water infiltration into wooden elements and
vertical walls. Non-destructive testing and numerical assess-
ments were conducted on the roofs and main vertical walls
to determine their structural vulnerabilities and the extent
of the damage. [23] uses a magnetically charged system
search and particle swarm optimization for damage detec-
tion. Seismic analyses of masonry towers involved experi-
mental analyses such as destructive, minor destructive, and
non-destructive testing to assess mechanical properties [15,
16, 24, 25].

Accurate assessment of these structures against various
forces, including static (gravity, live loads) and dynamic
(modal, time history), holds significant importance for
historical, social, and artistic reasons. Dynamic identifica-
tion analyses have been widely employed to evaluate the
performance of various structural elements, including tow-
ers, arches, vaults, walls, domes, and facades [26-29]. The
dynamic analyses were performed on detailed 3D-FE models
of the towers, utilizing seismic, Elasto-Plastic time history,
and vulnerability analysis methods [11, 30, 31]. [32] shows
the optimal analysis of structures by utilizing their symme-
try and regularity. Previous research has revealed the high
response of ancient masonry towers under horizontal loads.
The numerical outcomes were juxtaposed with stress and
deformation responses obtained through static and dynamic
analysis procedures. Results from static procedures dem-
onstrated good agreement with those from time-consuming
non-linear dynamic simulations, with a slightly less con-
servative trend.

Past seismic events have been the focus of damage and
failure analyses [11, 21, 22, 30, 33-38], leading to post-
earthquake investigations. These investigations encompassed
direct surveys, historical and documentary research, material
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testing, and ambient vibration tests [39, 40] to identify criti-
cal locations within structures for improvement. Specific
research focused on in-depth studies of the collapsed and
damaged mechanisms of worldwide unreinforced masonry
structures [41—44]. Building upon these studies, innovative
methods and techniques for strengthening, retrofitting, reha-
bilitating, and preserving traditional materials (mortar and
bricks) were discussed, along with strategies for structural
upgrading [1, 10, 45, 46].

Applying predictive models and modern construction
assessments can mislead in gauging structural safety and
result in unnecessary or detrimental interventions. Moreo-
ver, uncertainties in material properties and their nonlinear
behaviour, coupled with potential ineffective connections
among diverse structural elements (wood, stone, mortar,
iron), make analyzing the overall structural response to
generic loads exceedingly complex [42, 47-52].

This study focuses on a quartet of towers within the build-
ing at Allahabad University, as depicted in Fig. 1. These
towers exhibit distinct variations in their locations, geometri-
cal designs, and dimensions, each serving diverse purposes.
A comprehensive investigation has honed in on a pivotal
tower element in light of these variations. The objective is
to acquire in-depth insights into the structural landscape
encompassing attributes like wall thickness, geometric con-
figurations, materials, and heights. Additionally, the study
explores construction techniques, including geometric styles,
structural elements, and materials. Aspects of cracks, dam-
age patterns, failures, and collapses, extending to plaster,
binding materials, structural components, and decorative
elements, also fall within the scope of the examination.

Visual inspections have yielded valuable data regarding
geometric cross-sectional intricacies and material composi-
tion. Geometric cross-sectional drawings and 3D-FE models
were subsequently created through visual assessments using
AutoCAD and ANSYS-Workbench [53]. These detailed geo-
metric renderings maintained real-world dimensions, while
macro-modelling techniques were employed to prepare FE
models. Post-visual inspection, geometric modelling, and
non-destructive testing were conducted across all tower com-
ponents, encompassing walls and stones. Rebound Hammer
(RH) and Ultrasonic Pulse Velocity (UPV) tests were con-
ducted at corresponding locations on accessible floor levels
to approximate the mechanical properties of brick masonry
and stone materials. Before testing, thorough assessments
were carried out to ensure the absence of moisture, cracks,
deterioration, and related factors to guarantee the accuracy.
Static and dynamic responses were then derived based on
the experimental mechanical properties of the towers after
the Nepal earthquake in 2015. Adhering to IS code provi-
sions and guidelines, stress and deformation capacities were
evaluated through static analyses (considering own weight
and live load) and dynamic analyses (comprising modal and
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Fig. 1 Structural view of the
unreinforced masonry Senate
Hall building with towers

Tower 2

Tower 3

time history analysis) using ground motion response data
specific to Allahabad city (Now Prayagraj city).

About Prayagraj (previously Allahabad City)
and the Senate Hall (SH) Building

Located at 25°28'N latitude and 81°54'E longitude, with an
elevation of 98 m above sea level, situated at the confluence
of the Ganges and Yamuna rivers, the city was originally
named Prayag, signifying the "place of offerings" due to the
confluence known as Sangam. The name was later changed
by Mughal Emperor Akbar in 1583. As of 2011, Allahabad
ranks as the seventh most populous city in Uttar Pradesh and
the thirty-sixth most populous in India, with around 1.11
million residents and 1.21 million in its metropolitan region.
In 2011, it held 130th among the world’s fastest-growing
cities [20]. Renowned for the Kumbha Mela, a massive gath-
ering during the Magh month (January and February), the
city boasts various historic structures from different eras,
including the Allahabad Fort (1583), Khusro Bagh (1622),
Ulta Qila (1855), Allahabad High Court (1869), Allahabad
Public Library (1878), Allahabad University (1887), All-
Saints Cathedral Church (1887), and Allahabad Museum
(1931) [20]. These edifices feature substantial brick and
stone masonry construction but suffer due to inadequate
maintenance.

Builtin 1915 during the British era, the building, depicted
in Fig. 1, features a load-bearing brick masonry structure.
Stones were used for support and ornamentation, including
plinths, openings, arches, columns, and balconies. Towers,
essential structural components, come in diverse cross-
sections and heights. These towers throughout the build-
ing employ distinct construction methods and geometrical
specifications. The SH building is a remarkable example of a
load-bearing structure featuring unreinforced brick masonry

walls, stone arches, and vaults. The symmetric construc-
tion technique on both sides of the central hall showcases
Indo-Saracenic architecture. British engineer "Sir Swinton
Jacob," known for designing "Victoria-House" in Kolkata,
designed the building, which began construction in 1910
and concluded in 1915. Resting on a 1.07 m thick plinth
base embellished with stone chips and tiles, the building
spans~ 112.74 m in length and ~ 54.54 m in width. While the
floors reach a height of ~ 18.24 m up to the roof, the towers
vary from 18.75 m to 30.48 m.

Load-bearing brick walls exhibit varying thicknesses,
ranging from 1.5 m to 0.6 m on different floor levels. The
building encompasses two stories, with towers commenc-
ing from the subsequent floor level. Its distinctive geometric
plan features thick masonry walls fringed by stone arches on
both sides, separated by rectangular and octagonal columns.
Notably, four impressive towers are essential transept ele-
ments, incorporating a blend of brick masonry, stone, and
timber. The main entrance boasts three distinct entrance
porches, each designed with unique geometrical cross-sec-
tions and architectural styles. North and South porches share
similar parameters and materials, while the East porch show-
cases a distinct design. This building remains a significant
representation of Indo-Saracenic architecture and historical
workmanship.

The entire building structure is enveloped in simple
cross and barrel vaulting, devoid of decorative elements.
Constructed during the British era, the building harmoni-
ously blends Mughal and British architectural styles and
construction techniques. Opening its doors in 1915, the
building boasts two-floors a year after completion. Ground-
Floor (GF) showcases stone arches and panels of varying
thicknesses, while first-floor (FF) is exclusively built with
brick masonry walls ranging from 0.91 m to 0.48 m in thick-
ness. These brick walls are shielded with approximately
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one-inch-thick internal plaster, while the exterior remains
unplastered, exhibiting a red colour. Over time, the brick
surfaces have deteriorated due to exposure to rainwater,
moisture, and temperature variations at all levels.

Renovations to the building’s first and second-floor
(SF) levels have been periodically undertaken. These floor
levels are constructed using brick masonry, supported by
I-section iron-panels. However, the construction materi-
als have deteriorated, affecting connections and surfaces.
Similar I-sections with the exact dimensions are apparent
in the longitudinal direction in meeting rooms, examination
halls, and rooms, and in the transverse direction in towers,
verandahs, and entrance porches. This distributes the super-
structure load through the I-section to the masonry wall and
gives the upper floor a great deal of support. Central hall’s
tile floor rests on truss elements in the transverse direction.
The building features diverse structural elements, including
towers, walls, arches, domes, and facades, as illustrated in
Fig. 1. These towers are strategically positioned at corners
and midpoints of the building. With over two-hundred arches
throughout the structure, the transepts and apse hold signifi-
cant dimensions in both-plan and height. The ground-floor
accommodates three spacious halls- the Examination Hall
(EH), Central Hall (CH), and Meeting Hall (MH)-designed
for various purposes such as convocations, meetings, con-
ferences, and cultural activities. The CH, with an estimated
seating capacity of eight hundred to one thousand people,
is the focal point for gatherings. This building has accom-
modated over a hundred esteemed officials and educators.
Towers serve as staircases, clock holders, and architectural
features. They are crucial for interconnecting floor levels.
This research analyzes stress and deformation responses
following visual inspection and non-destructive testing on
tower elements. The study uses a 3D-FE model (macro and
homogeneous) and experimental mechanical properties to
assess tower element behaviour through static and dynamic
analyses.

Visual Inspection Survey of the Towers

A comprehensive geometric survey and in-situ assess-
ment, along with consultations with the civil engineer in
charge, revealed that the masonry wall thickness ranges from
approximately 1.5 m at the ground level to 0.6 m at the first
floor. The building prominently features sandstone in archi-
tectural elements such as verandahs, entrance porches, stair-
cases, and tower canopies (Fig. 2).

Visual inspection showed widespread structural dete-
rioration, primarily due to long-term exposure to mois-
ture, rainwater seepage, and fluctuating weather condi-
tions. Structural damage is evident in critical components
including stone arches, facades, columns, and decorative
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features. Cracks measuring between 2 and 10 mm were
observed in ground and second-floor masonry walls, while
major cracks—up to 30 mm—were noted in the stone
arches at entrance porches (Fig. 3).

The Side Stair Tower (SST), Front Corner Tower
(FCT), and Back Corner Tower (BCT) exhibited severe
degradation, particularly on the second floor where both
structural and ornamental elements failed. Roof structures
also showed major cracking on both inner and outer faces.
As aresult, access to several parts of the building has been
restricted, and all towers are closed to the public except for
essential maintenance.

The 2015 Nepal earthquake worsened the condition,
causing the collapse of decorative elements in arches and
tower tops. Cracks ranging from ~ 1 mm to ~30 mm were
documented in verandahs, wall openings, and roofing
zones. The collapse of plaster due to moisture-induced
expansion (intumescence) was widespread.

Roof elements have significantly weakened over time
due to ongoing moisture intrusion. In several collapsed
portions, horizontally laid bricks indicated poor original
bonding. Emergency retrofitting work included concrete
plaster overlays, tar-coal waterproofing, and structural
reinforcement in high-risk areas as shown in Fig. 3a and
b. Cracks around the main door arch and upper stairs still
pose serious structural concerns, necessitating urgent
intervention.

The tower exhibits strong construction, consistently inte-
grating stone and brick masonry across all levels. Visual
assessment reveals the current condition of both the load-
bearing and ornamental masonry walls, with particular
attention to the integrity of brick-to-mortar bonding. At the
ground floor level, the inner load-bearing brick walls dis-
play a cellular configuration, characterized by mortar joints
approximately 25 mm thick between stretcher and header
courses. On the exterior, where no plaster has been applied,
the mortar joints range between 10 and 20 mm in thickness.

The upper portions of the tower feature unplastered brick-
work laid predominantly in English bond, with a discernible
reduction in mortar joint thickness as the elevation increases.
Lime-surkhi mortar has been extensively used throughout
the structure, serving both bonding and plastering functions.
For additional structural stability, the tower corners have
been reinforced using stone tiles and chippings.

At the uppermost levels, the masonry incorporates finely
dressed stone units aligned with precision and joined by
comparatively thinner mortar joints, whereas the ground-
level stone masonry exhibits joints approximately 10 mm
thick. The continuous use of composite stone and brick
masonry at all elevations underscores a unified construction
technique. However, prolonged exposure to environmental
conditions has led to progressive deterioration in the bond-
ing mortar, indicating a need for conservation intervention.
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Fig. 2 Cracks and damages visible in structural elements

Structural Geometrical Cross-Sectional Drawing
of Towers

The towers were constructed at different locations within
the building. Eleven towers were built, each with vary-
ing design parameters, such as style, geometrical cross-
sections, heights, and materials. Assessment focused on
four specific towers: (1) clock tower (CT), (2) SST, (3)
FCT, and (4) BCT, as illustrated in Fig. 4. Each tower
features distinct materials and styles tailored to their spe-
cific functions within the building. Towers vary in wall
thickness (from 1.22 m to 0.31 m), height (18.75 m to
30.48 m), and slenderness ratios. Dome elements at the
tops of the towers are constructed in different shapes (cir-
cular and rectangular) and sizes. The tower heights range

from 18.75 m to 30.48 m, with wall thickness decreasing
as height increases.

The wall thickness varies on each floor of the towers,
decreasing from 1.22 m at the base to 0.31 m at higher
levels, correlating with floor height and openings. Geomet-
ric drawings of the towers were based on in-situ surveys.
The towers were restricted to the second-floor due to sig-
nificant cracks and damage in the structural elements and
construction materials visible on the upper floors. Each
tower’s geometric drawings and FE-modeling were indi-
vidually prepared after visual inspection and assessment.
Static and dynamic analyses were conducted according to
Indian Standard (IS) codal provisions-and-guidelines [54,
55]. The analysis of all four towers is discussed below:
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Fig. 3 Visual inspection survey of the tower
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Fig. 4 Structural specification views of tower elements of the building

The geometrical representation of the towers was mod-
elled using data gathered from in-situ surveys and consulta-
tions with the Engineer In-charge at Allahabad University.
The process began with a geometric study to verify dimen-
sions against existing drawings of the building. Inspections
were conducted to understand the geometric dimensions,
designs, construction materials, techniques, and initial
conditions, including cracks and damages. Measurements
were taken using a Disto-meter measuring device and tape,
assessing accessible portions and major cracks with a steel
scale. Although certain upper portions were inaccessible due
to structural failure, measurements were completed using a
Disto-meter. Minor decorative components at the inacces-
sible tops were accounted. Detailed geometrical drawings, in
plan and elevation, were produced to scale using AutoCAD,
as depicted in Fig. 5. Each tower’s unique style, dimensions,
and structural components were accurately designed and
documented individually.

The Clock Tower (CT), standing 30.48 m high, is one
of the tallest and most prominent towers in the building.
It is constructed entirely from brick masonry, with stone
materials used for structural components, and is located at
the front entrance of the building, rising up to six floors.
The ground floor cross-section is nearly rectangular and

divided into seven distinct parts, including the clock sec-
tion and dome. The entrance-hall arch extends 0.62 m
outside the masonry wall, while the stone arches of the
front verandah are recessed 0.7 m inside the CT. The geo-
metric details of the CT have been previously discussed
[56]. The Side Stair Towers (SST) are situated on either
side of the CT and at each corner of the central hall (CH),
mirroring the CT’s structural patterns in geometry, mate-
rial composition, and architectural style. Although now
inaccessible due to structural damage and cracks, the SSTs
were once connected to the CH’s internal porch. The inter-
nal masonry walls extend 12.20 m within the verandah.
Stone stairs feature a rise of 0.15 m, a tread of 0.38 m,
and a width of 1.22 m on the ground and first floors, tran-
sitioning to a 0.25 m tread on the second floor. The upper
portions of the towers are permanently restricted due to
damage, necessitating renovations with new materials. The
Front Corner Tower (FCT) is located at the front corner
and middle portion of the building, sharing geometric
design and structural materials with the other towers. The
Back Corner Tower (BCT), fully constructed from brick
masonry, features stone arches and panels similar to those
in the SST and FCT on the second floor. Figures 4 and
5 illustrate the structural views and AutoCAD drawings,
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Fig. 5 Geometrical cross-sectional plan and elevation drawing of towers

while Table 1 details the geometric dimensions of struc-
tural elements [56-58].

Numerical 3D Finite Element Modelling of Tower
Elements

Modeling historical masonry structures presents significant
challenges due to various uncertainties. These include a lack
of detailed historical records, unknown original geometries,
varying materials, and a mix of construction techniques and
architectural styles. Over time, these structures also develop
cracks, damage, and structural failures due to environmental
exposure, previous earthquakes, and aging, adding complex-
ity to the modeling process. In addition, past retrofitting and
renovations make it difficult to determine original design
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intentions. As a result, the Finite Element (FE) modeling of
such buildings becomes both time-consuming and techni-
cally demanding.

The FE method is a powerful numerical tool used to
simulate the structural response of masonry buildings
under various loading conditions. Depending on the scale
and purpose, researchers generally adopt two main modeling
approaches: micro-modeling and macro-modeling, includ-
ing sub-approaches such as homogenized and detailed unit-
based models. Micro-modeling captures each component
(brick, mortar) separately, providing high accuracy but at
a high computational cost. Macro-modeling simplifies the
structure as a homogeneous material, making it ideal for
large-scale analysis while balancing accuracy and efficiency.

In this study, macro-modeling with homogenization was
employed to simulate the global behavior of a large historic
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Table 1 Geometrical structural diamension details of the tower elements

Stuctural elements Width-w(m) Initial Height-h(m) Final Crown Length-(m) Thickness-(m) Diameter-(m)
Height-H(m)
Clock tower
Verandah arch 3.16 m 3.13m 4.68 m - - -
Entrance hall arch 3.05m 3.095 m 4717 m - - -
Plinth level - - 1.07 m - - -
Base dimensions 6.6 m - - 9.60 m - -
Tapering 5.39m - - 8.08 m - -
Ventilators 0.31 m - 0.31 m - - -
Clock portion (Sixth-floor) 5.94m - 6.40 m - - -
Clock diameter - - - - - 2.14m
Ground floor arches 3.17m - 5.837m - - -
Openings (FF) 2.74 m - 4.87 m - - -
Openings (SF) 1.53 m - 1.98 m - - -
Roof - - - - 0.31' m -
Dome - - 335m - 0.31'm 6.08 m
Side stair tower
Tower height - - 28.50 m - - -
Plinth level 7.0 m - 1.07 m 7.0 m - -
GF&FF 6.71 m - 6.10 m 6.71 m - -
SF&TF 6.1 m - - 6.1 m - -
Front corner tower
Door opening 1.52 m - 3.66 m - - -
Window opening 1.52 m - 1.96 m - - -
Back corner tower
Tower rectangular base 4.57T m - 1.07 m 5.94 m - -
Door openings GF&FF 1.52m - 1.96 m - - -
Window openings GF&FF 0.91 m - 1.5m - - -
Rectangular drum height - - 1.22 m - - -

masonry building (Fig. 6). The masonry towers, composed
of stone and brick, were modeled using a homogeneous
material approach. However, critical structural features
such as door and window openings, ventilators, and stair-
wells were modeled separately to preserve geometrical and
structural integrity. Most openings were rectangular in shape
and were designed symmetrically. Archways with two- and
three-hinged profiles, including semicircular arches, were
also modeled floor-wise to reflect their in-plane behavior.

For the dome geometry, a revolved modeling approach
was used along the vertical axis to accurately capture its
twisted, boat-shaped form. The domes were supported by a
combination of rectangular, circular, and octagonal panels.
Octagonal-sectioned columns were introduced under key
arches and dome bases across various floor levels. These
details were based on field measurements to preserve archi-
tectural fidelity.

The FE simulation excluded non-structural features
such as balconies, sunshades, timber floors, and win-
dow decorations for simplicity. Nonetheless, the primary

load-bearing system including walls, arches, columns, and
domes—was modeled in detail. Cracks, localized deterio-
ration, and joint separations were addressed during mate-
rial property assignment using appropriate assumptions in
the homogenization process.

The high-performance computing setup used for mod-
eling consisted of a 2.4 GHz Intel Xeon processor, 24 GB
RAM, 2 TB storage, and a 2 GB graphics card, enabling
large-scale model simulations with reasonable resolution
and convergence time. Meshing involved solid elements
and nodes, tailored to capture the structural behavior with-
out over-refining the model (Table 2). This was especially
effective in modeling transitions between wall openings
and arch supports.

While macro-modeling is not suited for capturing
highly localized failures or post-peak softening, it remains
efficient for evaluating the global structural response of
large, complex masonry structures. The method establishes
a practical link between modeled structural response and
observed deterioration patterns, helping guide restoration
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Fig. 6 Finite Element modelling and meshing of the towers

or reinforcement decisions based on realistic simulation
outcomes.

The modelling employed various elements: SOLID186
(20-Noded), SOLID187 (10-Noded) 3D-solid elements for
masonry walls and stairs, and SURF-154 for the dome. To
ensure structural connections, TARGE170 and CONTA174
contacts were integrated [53]. The meshing process gener-
ated nodes and solid elements, as indicated in Table 2. This
selection was motivated by the elements’ ability to exhibit
quadratic displacement behaviour and accommodate plastic-
ity, hyper-elasticity, creep, stress stiffening, and large deflec-
tions and strains. Prominent tower openings and vaults on
each floor were replicated. Notably, specific attention was
devoted to accurately modelling the multi-leaf masonry
walls at each floor level.

Table 2 Nodes and solid elements during the meshing of towers

Towers Nodes Solid elements
CT 184,627 104,037

SST 1,466,852 922,129

FCT 129,971 27,990

BCT 109,647 37,205
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Non-destructive Testing

The Rebound Hammer and Ultrasonic Pulse Velocity (UPV)
tests present a highly effective, non-destructive methodology
for assessing the mechanical properties of masonry, includ-
ing brick and stone. The Rebound Hammer measures surface
hardness to estimate compressive strength, while the UPV
test evaluates material integrity by measuring the speed of
ultrasonic pulses travelling through the structure, identify-
ing internal defects. When combined, these methods offer
a comprehensive assessment by correlating surface hard-
ness with internal uniformity, detecting both surface and
subsurface deterioration. Accurate calibration of the spe-
cific masonry material is crucial for reliable results, and it
has been performed in the laboratory. Together, these tech-
niques significantly improve the evaluation and monitoring
of masonry structures, particularly in heritage conservation
[59-62]. Standard practices, such as ASTM C805 and IS
516, guide their application in both concrete and masonry
assessments (ASTM C805, 2016; Indian Standards 516 Part
5 (Sec-12018) and (Sec-4 2020)). There are three methods
to evaluate the mechanical properties of materials. Mechani-
cal properties are typically evaluated through destruc-
tive testing (DT), minor destructive testing (MDT), and
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non-destructive testing (NDT). Pérez-Gracia et al. (2013)
have utilized MDT and NDT methods to assess these prop-
erties, applying Rebound Hammer and UPV tests to tower
elements to estimate properties such as density, Young’s
modulus, and Poisson’s ratio in consistent locations across
the structure [63].

Rebound Hammer (RH) Test

Rebound Hammer test has been performed on load-bearing
masonry wall elements of the tower’s elements at numer-
ous locations selected with and without plaster. The initial
testing was conducted at sixteen points at each respective
location. The testing was performed on plastered “RH-P”
and without plastered “RH-WoP” masonry walls of differ-
ent locations in the tower, which are free from cracks and
damages, seepage and moisture, and other impurities. RH
testing was performed using the Indian-code [64] for the
actual procedure and guidelines. First, the RH testing was
performed on the plastered masonry wall at the second-floor
level. Ten testing locations have been identified as T-RH-P-1
to T-RH-P-10, respectively, T-MW-P as indicated by Tower-
Masonry Wall-Plaster. The RH values have been obtained on
the tower’s sixteen points of plaster masonry wall, as shown
in Table 3. The test has been performed at different locations
on the wall. The maximum and minimum average RH index
values observed on locations T-RH-P-3 and T-RH-P-6 were
27.56 and 21.34, respectively.

RH testing has been completed on the plastered brick
masonry wall elements of the tower, as shown in Fig. 7. The
testing locations have been marked on the different points
shown in Fig. 7a. After analyzing the experimental data of
the RH index, the compressive strength has been obtained
between 24 to 25 MPa of the plastered masonry walls. The
compressive strength of plaster walls and RH test locations
have been visualized in ten locations of the tower, as shown
in Fig. 7b. In the testing, the masonry walls of the tower

RH testing was conducted on the unplastered ("WoP") brick
masonry walls of the tower elements at the first and second-
floor levels. These tests were performed on the external sides
of the tower elements, presenting challenges in selecting
appropriate testing locations. The outer surfaces of these tower
elements are directly exposed to weather and atmospheric con-
ditions, including temperature variations, rainwater, seepage,
and moisture, all of which contribute to the deterioration of
brick materials and the formation of cracks. These factors also
affect the colour of the masonry.

Conducting RH tests on the external side was particularly
difficult due to the need to identify optimal testing locations,
such as the bottom of the porch and the back side walls of
the tower. The WoP walls were tested using the same param-
eters applied to the plastered masonry walls of the tower
elements. RH testing was performed at ten locations on the
towers, as detailed in Table 4. The testing locations on the
unplastered masonry walls of the side stair tower and clock
tower at the second-floor level are identified as T-RH-WoP-1
to T-RH-WoP-10.

After the testing, the maximum and minimum RH-index of
‘WoP masonry walls were 58.25 and 46.31 at locations T-RH-
WoP-4 and T-RH-WoP-10, respectively. The compiled testing
locations and results of the without plaster walls are shown in
Fig. 8. The testing locations have been marked at approx.-1 m
height on the walls shown in Fig. 8a. The RH-index response
is the without-plaster walls surface response of the tower
walls after using the linear correlation (Eq. 1) to convert the
surface RH-index to the compressive strength of the WoP
masonry walls of the towers. The compressive strength has
been observed at a maximum of 24.13 MPa and a minimum
of 15.62 MPa at locations 4 and 10, respectively. The average
compressive strength observed on the WoP masonry wall is
approximately 20 MPa of the entire testing location of the
walls. The intensity of the compressive strength has decreased
as compared to plaster walls.

have observed the compressive strength as well as good due ~ Linear formulation = 0.713 (8;) - 174 ey

to 25 mm thick plaster material through the internal side.

Table 3 RH testing of plaster

masonry wall elements Location Rebound hammer index Average
T-RH-P-1 29.5 19.5 245 16.5 19.5 27,5 204 185 325 19.5 185 305 20 20 235 265 2293
T-RH-P-2 16 26.5 16 24 23 325 24 225 27 16.5 16 325 245 245 305 18 23.38
T-RH-P-3 285 36 325 235 285 28 235 26 28 26 22 23 28 29 365 22 27.56
T-RH-P-4 185 20 26 17.5 19 26 20.5 235 195 295 285 245 265 32 19 235 23.38
T-RH-P-5 27 19 14 325 27 24.5 19 21 305 32 26.5 19.5 29 315 245 265 25.25
T-RH-P-6 225 265 245 21 185 24 23.5 18.5 18 16.5 20 18 255 225 26 16 21.34
T-RH-P-7 36 315 27 235 22 275 275 28 325 205 245 205 265 34 34 19 27.16
T-RH-P-8 245 29 304 195 335 295 28 30.5 195 245 26 23 24 235 265 265 26.15
T-RH-P-9 20 285 23 265 255 18 24.5 16 205 21 23.5 16.5 28 245 29 26 23.19
T-RH-P-10 245 16.5 23 225 30 28 23 19.5 24 26.5 22 19 26.5 22 24 18 23.06
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(a) Rebound Hammer testing on the masonry wall of the clock tower
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(b) Relationship between compressive strength and RH Index

Fig. 7 Testing locations and average compressive strength

Table 4 RH testing on “WoP”

masonry walls Location Rebound Hammer Index Average

T-RH-WoP-1 435 49 375 43 525 54 565 6l 405 54 535 46 475 535 40 48 48.75

T-RH-WoP-2 53 405 52 61 505 525 67 595 485 48 60 62 635 62 585 595  56.13
T-RH-WoP-3 50 675 485 505 56 56 525 625 67 52 585 565 685 685 545 465 5722
T-RH-WoP-4 67 635 645 64 485 645 64 63 585 525 56 60.5 485 51 46 60 58.25
T-RH-WoP-5 625 56 395 54 60.5 425 515 56 50 51 42 585 46 46 45 49 50.63
T-RH-WoP-6 64 43 58 415 47 61 485 435 605 465 65 61 515 44 525 565 5275
T-RH-WoP-7 485 485 525 465 6l 52 395 395 525 60 535 495 55 485 655 445 5106
T-RH-WoP-8 545 465 56 525 525 495 46 485 53 545 615 485 464 525 41 58 51.34
T-RH-WoP-9 54 485 475 62 52 515 495 46 51 565 54 475 49 535 48 43 50.84
T-RH-WoP-10  39.5 43 365 515 465 48 42 475 525 49 395 47 51 525 47 48 46.31

RH test was performed on stone elements from the
ground floor to the top of the tower. In visual inspections, the
stone elements are mostly used for decorating and support-
ing purposes, and they are used in respective dimensions for
load-bearing elements. Conducting non-destructive testing is
impossible; only load-bearing elements have been selected
for RH and UPV testing. The testing was performed on the
ground-floor, first-floor and second-floor arch panels of all
respected towers. The ground-floor portion of the CT and

@ Springer

FCT have been built from the same structural components of
fully stone materials. CT has been built with a combination
of four arches of similar geometrical dimensions. However,
the FCT has been designed using similar construction tech-
niques and different structural element dimensions.

The testing location has been selected in the middle of the
arch column at the 1 m to 1.5 m height of the base level of
the all-respected floor. During the testing, locations are noted
for “T-S,” such as T for tower and S for stone. The RH value
was between 55 and 90 in the testing on stone elements. The
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Fig. 8 RH testing on WoP masonry walls of tower elements with relationship b/w RH index and compressive strength

RH-index of the stone arch is shown in Table 5. Only after
calibration in the laboratory test, the compressive strength
has been evaluated using linear relation, as shown in Eq. 1.
The relationship between the average RH-index and com-
pressive strength stone material is shown in Fig. 9.

After the testing has been done on the ten different
locations of the arch-columns and facades of the tower
elements, as shown in Fig. 9a. The average RH-index has
been observed as a maximum of 73.97 and a minimum
of 64.71 at locations T-S-9 and T-S-3, respectively. In

these similar locations, the compressive strength has been
observed at a maximum of 35.34 MPa and a minimum of
28.74 MPa, respectively. All these locations have observed
the tower elements’ average compressive strength of the
stone material of 32.87 MPa. Figure 9b shows the rela-
tionship between the average RH-index and compressive
strength in testing locations. Finally, the resulting values
between compressive strength and RH-index of the stone
material are plotted.
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Table 5 RH testing on stone

Locati
elements ocation

T-S-1

Rebound Hammer Index

58

60

73.5

76

64.5

62.5

71.5

67

65

73.5

67

70

58.8

68

66.5

73.5

Average

67.21

T-S-2

T-S-3

T-S-4

T-S-5

T-S-6

T-S-7

T-S-8

T-S-9

T-S-10

68

60.5

72

64.5

58.5

67

63.5

74.5

71

68

58

75

65.5

70.5

68

60

72.5

73

67

67

62.5

70.5

72.5

68.5

67

74

68

74

67

72.5

74.5

61

67

65

72

66.5

65.5

67.5

60

61.5

72.5

68.5

72

69.5

715

73.5

68

67

71.5

69.5

80.5

67.5

78.5

60.5

72.5

64.5

62.5

80

79.5

80

67

67.5

81.5

76

67.5

78.5

80.5

74.5

69.5

74

76.5

71.5

71

64

69

70.5

76

61.5

60

72.5

76.5

79

66.5

67.5

74

76

76.5

64

81.5

76.5

75

64.5

63.5

76

66.5

76.55

68.5

78.5

76.5

76

68.8

76

74

71.5

76.5

62.5

73.5

68.5

73.5

62.5

75.5

78.5

68

70.5

59.5

72.5

74

69

65.5

71.5

79

80

81.5

69.5

73.5

78

71

60.5

68.5

74.5

73

80.5

67.5

71

78

74.5

63

69

78

71.5

67

62.5

69.5

70.5

72.84

64.71

69.78

73.31

71.69

72.47

65.63

73.97

73.38

Ultrasonic Pulse Velocity (UPV) Test

The ultrasonic pulse velocity test has been performed on old
and new structures to evaluate the mechanical properties of
such materials. It is performed on similar locations of the
structural elements, where the RH tests the masonry walls
and stone elements. Due to the accessibility of the specimen
for testing, UPV has been performed using three methods:
direct, semi-direct, and indirect procedures [65]. In tower
elements, the indirect procedure has been applied to both
plastered and un-plastered masonry walls at ten different
locations (UPV-S-L1 to UPV-S-L10), maintaining the same
path-length between the transducer and receiver. The path
length has been set to 0.5 m for all the testing locations of
brick and stone elements of the towers. The pulse veloc-
ity was obtained from [66], and accurate testing procedures
and guidelines were obtained during the testing. The test-
ing locations were thoroughly cleaned during the testing.
Grease was used as a lubricant to smooth the pulse response
between the transducer and the receiver. The pulse veloc-
ity has been observed at a maximum of 2.427 km/sec and
a minimum of 1.086 km/sec at the locations of S-L10 and
S-L6, respectively. The testing location of the masonry walls
with path-length, travel-time and pulse velocity of the tower
as shown in Table 6. The UPV testing locations of walls and
the relationship between pulse velocity and Young’s modu-
lus are shown in Fig. 10.

The testing has been done successfully on the selected
UPYV test locations of tower elements of plastered and with-
out plastered brick masonry walls on the GF and SF-level,
as shown in Fig. 10a. The entire locations with pulse veloc-
ity responses of the wall elements have shown in Fig. 10.
The pulse velocity has been observed average 1.2 km/sec
to 1.6 km/sec for all the locations of brick masonry walls
for plaster and without plaster materials. The young’s mod-
ulus of brick masonry walls element has been observed
for dynamic range as 2000 MPa to 12000 MPa and static
1000 MPa to 5000 MPa, respectively as shown in Fig. 10b.
The young’s modulus has been evaluated the average for the

@ Springer

static as 2956 MPa for all types of brick masonry walls of
the tower elements.

The masonry wall testing was completed, after which
the focus shifted to the stone elements of the columns and
facades of the towers. UPV testing was conducted on the
stone arch of the CT, FCT on the GF, and the BCT on the
SF. This testing utilized semi-direct and direct methods to
measure the travel time and pulse velocity over a 0.5 m path-
length between the transducer and receiver. Testing was pri-
marily conducted on the columns of arches, though facades
were also evaluated, revealing minor cracks, moisture, and
deterioration of the stone material. UPV testing locations on
the stone arches’ columns were designated as S-L-1 to S-L-
10 for semi-direct testing and D-L-1 to D-L-10 for direct
testing. The locations and testing values of the entrance arch
are detailed in Table 7.

The relationship between pulse velocity and Young’s
modulus of direct and surface test is shown in Fig. 11.
The average pulse velocity has been observed for surface
and direct testing as 2.4 km/sec and 2.69 km/sec and static
Young’s modulus for 6117 MPa and 8606 MPa as shown in
Fig. 11b. After the testing, the average pulse velocity has
been observed more in the stone elements as compared to
masonry. The stone elements have been exposed in the build-
ing from plaster masonry walls; however, most of the dete-
rioration is visible in these elements. Finally, all the experi-
mental results of the testing were used for tower analysis,
with the masonry and stone elements assigned accordingly.

Static and Dynamic Analysis

Static and dynamic analyses were conducted on four dis-
tinct towers within the SH building, incorporating a blend of
masonry and stone materials. The assessment encompassed
standard-gravity and live-load analyses with a fixed base
configuration. These evaluations adhered to Indian guide-
lines featuring seismic provisions. Gravity and live load
analyses adhered to the specifications outlined in the Indian
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Fig. 9 RH testing of the stone element of tower components

standard codes I1S:875 Part-1&2 [54, 67]. Modal analysis
was performed according to IS:1893 (Part-1) 2016, which
pertains to the seismic guidelines within the Indian standard
code [68]. This analysis yielded six-mode shapes for each
tower and their corresponding natural frequencies for four
towers.

The investigation incorporated pertinent mechanical
properties, including density, Young’s modulus, and Pois-
son’s ratio, as parameters for experimental building tests.

The material attributes of brick masonry and building stones
were assessed using non-destructive testing, the findings of
which are summarized in Table 8. Dynamic time history
analysis was executed individually for each tower. Ground
motion acceleration was simulated for Allahabad city utiliz-
ing the EXSIM software, accounting for regional parameters
such as fault length, stress drop, and slip distance. This com-
prehensive analysis encompassed the assessment of acceler-
ation, deformation, and stress responses on every floor of the
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Table 6 Indirect UPV testing on without plaster masonry wall ele-

ments
UPV location Path-length Travel Time [ Pulse veloc-
[m] Sec] ity [km/sec]
UPV-S-L1 0.5 308 1.623
UPV-S-L2 0.5 267 1.873
UPV-S-L3 0.5 426.5 1.172
UPV-S-L4 0.5 368.5 1.357
UPV-S-L5 0.5 287 1.742
UPV-S-L6 0.5 460.5 1.086
UPV-S-L7 0.5 305 1.639
UPV-S-L8 0.5 275 1.818
UPV-S-L9 0.5 284.5 1.757
UPV-S-L10 0.5 206 2.427

towers. The time history analysis identified critical locations
and potential failure points within the towers.

Formulation of von-Mises stress

The von-Mises stress mechanism of the linear analysis is
used to determine the stress distribution in the clock tower.
Mathematically, the criterion is expressed as:

Fig. 10 Indirect UPV testing
locations with young’s modulus
and Pulse velocity of masonry
walls of tower elements

@ Springer

Pulse velocity (km/sec)
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k =the yield stress of the material in pure shear.
o,=0,=1/3/, 3)

o, = the yield strength of the material.
o, = von-Mises stress

1
Ovon mises — \/5 (O—x - gy)z + (6x - D-Z)z + (O—y - 61)2 +3(T3y +szz +T}%z) (4)

1
Ovon mises = \/z (O'] - 0-2)2 + (0'1 - 63)2 + (0-2 - 63)2 (5)

Site-specific Dynamic Time History Analysis

Due to the non-availability of strong motion data for Alla-
habad city, a synthetic ground motion was simulated using
Boore’s stochastic method [69]. The target ground motion
amplitude spectrum, which depends on magnitude, dis-
tance and duration properties, is given by [70],

(a) UPV test on “WP” and “WoP” brick-masonry walls of towers
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Table 7 UPV surface and direct testing on arch columns of stone
elements

UPV location Path-length Travel Time [ Pulse veloc-

[m] Sec] ity [km/sec]
Surface-reading (0.5 m), stone arch
UPV-S-L1 0.5 221.5 2.257
UPV-S-L2 0.5 218.2 2.291
UPV-S-L3 0.5 202 2.475
UPV-S-L4 0.5 156 3.205
UPV-S-L5 0.5 208.6 2.397
UPV-S-L6 0.5 235.5 2.123
UPV-S-L7 0.5 278 1.799
UPV-S-L8 0.5 205 2.439
UPV-S-L9 0.5 198.5 2.519
UPV-S-L10 0.5 196 2.551
Direct-reading (0.5 m), stone arch
UPV-D-L1 0.5 255.4 1.958
UPV-D-L2 0.5 262.3 1.906
UPV-D-L3 0.5 261.5 1.912
UPV-D-L4 0.5 212.1 2.357
UPV-D-L5 0.5 212.5 2.353
UPV-D-L6 0.5 94.5 5.291
UPV-D-L7 0.5 165 3.030
UPV-D-L8 0.5 146.5 3413
UPV-D-L9 0.5 165.5 3.021
UPV-D-L10 0.5 295 1.695
. —fry
Ai(r.f) = %—F?/.Qﬂf)z- Moy .G.e"ATJ)f e
dzpv?

()] ”

where A5 represents the target amplitude spectrum cor-
responding to distance (r) and frequency (f), R g, is the
radiation pattern constant (typically averaging 0.55 for shear
waves), F denotes the free surface coefficient (typically taken
as 2), V stands for the partitioning coefficient of shear waves
into two components (usually taken as \/ 2), p denotes the
density of rock at the source (fault), v, signifies the shear
wave velocity at the source, M_0ij signifies the seismic
moment associated with the ij™ sub-fault, f 4;i(t) denotes the
corner frequency linked to the ij'™ sub-fault at time t, N_r(t)
denotes the number of ruptured sub-faults at time t, M. 50
represents the average sub-fault moment due to each fault,
calculated as M/N, where N is the total number of sub-faults.
Additional parameters include G, the geometrical spreading
function; r., the effective distance of the sub-fault from the
site; Q(f), the quality factor at frequency f; and k, the high-
frequency diminution filter. Prior works have detailed these
parameters [71-76]. The time history responses generated

for the Allahabad fault are depicted in Fig. 12, featuring a
peak ground acceleration (PGA) of 64.21 cm/sec?2.

Formulation of Dynamic Time History Analysis

The behaviour of stone arches was examined through sto-
chastic dynamic time history analysis within the context of
Allahabad city. The dynamic time history approach utilizing
a multi-degree-of-freedom system is presented [7, 77]. The
modal matrix for the equation of motion for a multi-degree-
of-freedom system in a matrix form can be expressed as

[ml{x} + [c]{x} + [k]{x} = =X, (O[m]{I} @)

[m]=Mass matrix; [k]=Stiffness matrix; [c][=Damping
matrix; {/}= Unit vector; X (/)= Ground acceleration

Coupling of the variables {x} in the physical coordinates
may be related with normal or principal coordinates {q}
from the transformation and [@] =the modal matrix

{x} =[@l{q) (8)
[M1{g} + [CHq} + [Kl{q} = {Pzx)} )
{Py(0} = (=x,(0[®) [m]{I}) (10)

[M], [C] and [K] are the diagonalized modal mass matrix,
modal damping matrix, and modal stiffness matrix, respec-
tively, and {Pe/f(t)} is the effective modal force vector.

Effective force vector

{Py(0} = (=x,(O[®) [m]{I})or(—%,OT,)

(@) Iml{1} (@) [m]{])

r= = (11)
(@) [m]{ @}, M,
Displacement response in physical coordinates
X)) = Y {@),4,0) (12)
r=1
Effective earthquake response force at each storey
F (1) = [k]{x()} (13)

Results and Discussion
Dead and Live Load Analysis
While earlier studies on historical structures have focused

primarily on self-weight and seismic loads, they often over-
look live loads. This study emphasizes gravity analysis
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Fig. 11 Young’s modulus of the stone element of the CT

Table 8 Material properties of tower elements

Structural Materials Density-(kg/m®) Young’s Poisson’s-ratio

modulus-

(MPa)
Masonry 1900 2100 0.2
Stone 2800 3500 0.2
Roof 1900 2100 0.2

to assess maximum stress and deformation in each tower
structure. The von Mises stress and deformation results
are illustrated in Fig. 13a. In the Central Tower (CT), the
ground floor (GF) roof shows the highest stress at 1.88 MPa,
while the top of the dome exhibits maximum deformation of

@ Springer

3.98 mm. Minor stresses are distributed along the masonry
walls from the ground to the first floor, with higher concen-
trations near openings such as windows and doors. Signifi-
cant deformation vectors are observed at the dome and dome
base junction. In the Side Stair Tower (SST), the highest
stress, 6.26 MPa, is found at the GF stair-to-wall junction,
with dome deformation peaking at 4.15 mm. For the Front
Corner Tower (FCT), the second-floor octagonal column
joints register 2.16 MPa stress, and the dome deforms by
2.56 mm. In the Back Corner Tower (BCT), the GF arch
base experiences 0.74 MPa, and the dome’s stone panel
deforms by 1.92 mm.

Visible cracks and internal deterioration have been
observed in the walls, arches, and staircases, particularly
above the first floor. Due to structural issues, access to the
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Fig. 12 Synthetic ground-
motion of Allahabad city 80
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third floor is currently restricted, although the towers are
temporarily reopened during SH building maintenance
activities. Stress concentration is highest at the tower base,
consistent with the crack patterns shown in Fig. 3. This is
expected due to the structural layout, which includes mul-
tiple openings on the first and second floors. Maximum
stresses occur in the first-floor masonry wall, the center
of the arches, and near staircase openings, where stress is
significantly concentrated. The first-floor vault, as seen in
Fig. 3a and b, shows early signs of stress accumulation.
Additional stress develops in the lower slab of the stairs con-
necting the second and third floors. Minor cracks also appear
along the underside of the third-floor stairs, especially near
closely spaced walls. Although minor stress zones are noted
in the self-weight analysis, pronounced stress responses
occur around the openings across all towers. The dome
structure behaves well under gravity loads, with a maximum
deformation of 0.54 mm at its top and 0.2 mm at the first
floor. Figure 13 illustrates the total deformation distribution
across all tower levels, supporting these findings..

The live load [67] analysis of the towers reveals stress
and deformation responses, as illustrated in Fig. 13b. Within
CT, the highest stress of 2.09 MPa and maximum deforma-
tion of 4.58 mm are observed at corresponding locations
during the live load assessment. SST exhibits a peak stress
of 6.34 MPa at the ground to first-floor connection and a
maximum deformation of 4.19 mm at the northern stone
panel. FCT records maximum stress of 2.39 MPa at a con-
sistent location during gravity loading, accompanied by a
peak deformation of 2.88 mm on the octagonal stone panel.
In BCT, the highest stress of 0.75 MPa and maximum defor-
mation of 2.03 mm are registered at similar locations during
gravity loading. Maximum stress occurs at ground-floor and
first-floor openings, encompassing masonry walls and stone

250

Time (sec)

panels. These stress responses mirror the gravity loading
response at corresponding locations for each tower. In terms
of stress, connections between the second and third-floors
exhibit the most significant stress on the internal-side of the
masonry walls. The continuous deformation of plaster mate-
rials stems from the cumulative effects of various factors
such as rain, moisture, seismic activity, wind, and thermal
conditions, contributing to the structural deterioration and
damage observed in these towers.

The analysis included evaluating stress and deformation
capabilities at various locations within the four towers, as
depicted in Fig. 13. Stress responses exhibited approximate
similarity across the towers during dead and live loads
(Fig. 14). Stress behaviour (Fig. 14a) appeared concurrently
due to substantial ground and first-floor massiveness, with
minor variations observed on the upper-floors of CT&FCT.
SST&BCT displayed comparable stress responses. Regard-
ing deformation, CT&FCT exhibited significant differences,
while SST&BCT showed akin responses (Fig. 14b).

CT, constructed entirely with brick masonry load-bearing
walls, exhibited notably higher stress responses than other
towers. While stress responses were generally consistent
throughout the tower due to comprehensive connectivity
up to the second-floor, substantial deformation responses
were noted during analysis. SST, independently designed
from three directions from the ground-floor to the dome,
manifested substantial stress and deformation, particularly
witnessing significant internal structural losses. FCT, a
blend of stone and masonry construction, displayed varied
stress and deformation responses owing to its connection
on two sides of the building. The tower’s stress and defor-
mation responses during analysis concurred with those
visible during visual-inspections. BCT, fully simulated in
brick masonry but with an upper portion in stone materials,
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D: Standard Gravity Analysis B: Standard Gravity Analysis G: Standard Gravity Analysis G: Standard Gravity Analysis
Figure Figure 2 Figure 2 Figure 2
Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit: MPa Unit: MPa Unit: MPa Unit: MPa
Time: 1 Time: 1 Time: 1 Time: 1
1.8831 Max 6.2631 Max 2.1658 Max 0.74944 Max
1.7486 58157 20112 0.6%605
16141 53683 1.8565 064265
1.47% 4921 17019 058926
1.3451 44736 15473 053586
12106 40263 13927 048247
1.0761 35789 1238 0.42007
094163 31315 1.0834 0.37568
080713 26842 092877 032228
067263 22368 077414 0.26889
053814 1.7694 061951 0.21549
040364 13421 0.46486 0.1821
026914 089472 0.31025 0.1087
013465 044736 0.15562 0.05530¢
0.00014953 Min 12614e-13 Min 0.00098822 Min 0.0019139 Min
D: Standard Gravity Analysis B: Standard Gravity Analysis G: Standard Gravity Analysis G: Standard Gravity Analysis
Figure 2 Figure 2 Figure Figure 2
Type: Total Deformation Type: Total Deformation Type: Total Deformation Type: Total Deformation
Unit: mm Unit: mm Unit: mr Unit: mm
Time: 1 Time: 1 Time: 1 Time: 1
3.9896 Max 4.1526 Max 2.563 Max 1.9202 Max
37046 385 23799 17831
3.4196 35594 21969 16459
31347 32628 20138 1.5088
26497 29662 1.8307 13716
25647 26695 1.6476 1.2344
22198 23728 1.4646 10973
19348 20763 1.2815 098012
1.7098 17797 1.0984 0.8229%
1.4248 1.4831 091536 06858
1.1399 1.1865 073229 0.54864
085491 088985 054921 041148
056994 059323 0.36614 027432
028497 0.29662 0.18307 013716
0 Min 0 Min 0 Min 0 Min
(a) Stress and deformation response under gravity loading
I: Live load H: Live load H: Live load H: Live load
Figure 2 Figure 2 Figure 2 Figure 2
Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress Type: Equivalent (vor-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit: MPa p=- Unit: MPa Unit: MPa Unit: MPa
Time: 1 Time: 1 Time: 1 Time: 1
20914 Max 6.3403 Max 2.393 Max 10.75979 Max
1.9421 58874 2221 .
1.7927 54385 20512 085157
16434 49816 18803 H 059746
1494 45288 1.7094 054335
13447 40759 15385 0.48924
11953 3623 13876 H 043513
1046 31701 1.1967 038102
089663 2173 10258 032691
074729 22644 085493 4 02728
059794 18115 068403 021869
0.44859 1.3586 051313 H 0.16458
029924 0.90575 034223 0.11046
0.14989 0.45268 017133 0056354
0.00054245 Min 1.2802e-13 Min 0.00042911 Min 10.0022435 Min
I: Live load H: Live load H: Live load H: Live load
Figure 2 Figure 2 Figure 2 Figure 2
Type: Total Deformation Type: Total Deformation Type: Total Deformation Type: Total Deformation
Unit: mm Unit: mm Unit: mm
Time: 1 Time: 1 Time: 1 Time: 1
4.5827 Max 4.1966 Max 2.8846 Max 20302 Max
42554 38969 26786 1.8852
3928 35971 24726 17401
36007 32973 22665 18951
32734 29976 20605 1.4501
2948 26978 18544 1.3051
26187 23981 16484 1.1601
22913 20983 14423 1.0151
1964 1.7985 12363 0.87007
16367 1.4988 1.0302 0.72506
1.3093 1199 082418 0.53005
098201 089927 061814 1043504
065467 059952 0.41209 0.29002
032734 0.29976 0.20605 0.14501
0 Min 0 Min 0 Min 0 Min

(b) Stress and deformation response under live loading

Fig. 13 Responses during static loading of towers
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Fig. 14 Stress and deformation comparision of towers

experienced stress responses closely tied to deformation.
Significant deformation was observed compared to stress
responses, reflecting major cracks evident during tower
inspections.

Modal Analysis

Conducted through a 3D-FE model utilizing linear elastic
materials, dynamic modal analysis assessed tower behaviour.
This evaluation encompassed similar material properties and
boundary conditions for all towers. The study entailed free-
vibration modal analysis to determine natural frequencies
and six-mode shapes per tower [9, 11, 22, 43]. Discussions
with the responsible engineer confirmed the tower’s inde-
pendent construction, notably separate from the SH struc-
ture. This prompts an exploration of whether the strength
increment adequately safety amidst elevated stress. A com-
prehensive free vibration modal analysis of the entire tower
is executed to investigate further, adhering to established
mechanical methods. This will involve appropriate masses
and elastic stiffness of the structural system, yielding natural
periods (T) and mode shapes {®} for its various vibration
modes.

[KI{@;} = w'MI{2;} (14)

[K]= stiffness matrix;{@l-}z mode shape vector (eigen-
vector) of mode i;w'= natural circular frequency of mode i
(wi2 is the eigenvalue);[M]= mass matrix.

Following non-destructive testing, the towers under-
went detailed numerical analysis to evaluate their dynamic
mechanical properties. The results revealed the first six
mode shapes, as illustrated in Fig. 15. These modes provide
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(b) Deformation comparison of Dead load vs Live
load of four towers

insights into how each tower responds to dynamic loading.
For the Central Tower (CT), the first six natural frequencies
were recorded as 1.68, 2.09, 3.85, 5.54, 6.33, and 8.47 Hz.
The first and second modes showed deformations in the lon-
gitudinal and transverse directions, respectively, while the
third mode indicated torsional behavior. These early modes
suggest that as the tower becomes more geometrically flex-
ible, the vibration periods increase. The deformation ampli-
tudes in the first and second modes were 4.41 mm and
4.72 mm, respectively. In the case of the Side Stair Tower
(SST), the first and sixth mode frequencies were 2.26 Hz
and 7.56 Hz. The six identified modal frequencies for SST
were 2.26, 2.37, 4.33, 4.79, 4.95, and 7.56 Hz. The first
mode displayed deformation in the X-direction (longitudi-
nal), the second mode in the Z-direction (transverse), and the
third mode showed a triangular deformation pattern, similar
to that of the CT. The Front Corner Tower (FCT), which
features stone on the ground floor and thick masonry on
the first floor, exhibited the first three modal frequencies as
2.29 Hz, 2.58 Hz, and 3.94 Hz. The modal behavior of FCT
closely matched that of CT and SST, reflecting the influ-
ence of massive construction techniques. In the Back Corner
Tower (BCT), significant responses were observed in both
longitudinal and transverse directions. The first two natural
frequencies were 2.44 Hz and 3.07 Hz, while the third mode,
occurring at 6.04 Hz, represented torsional behavior. The use
of brick masonry, similar to that in CT, influenced BCT’s
modal characteristics..

Time History Analysis

The building’s tower construction employed an unrein-
forced massive approach with specific materials. Dynamic
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Clock tower

Front corner tower

M-4

Side stair tower

Back corner tower

Fig. 15 Mode-shape of tower element

time history responses were examined at each SH-building
tower level. A meticulous visual-inspection guided location
choices for evaluation despite challenges posed by cracks
and damages. A lumped-mass model evaluated longitudi-
nal direction response across all towers and floors [5, 9, 10,
22,28, 36, 39]. The building features substantial mass and
interconnecting dimensions, exhibiting more transverse than
longitudinal responsiveness.

The masonry CT structure’s response has been assessed
across its levels, from the ground-floor to the dome. The
response characteristics of each floor are illustrated in
Fig. 16. Notably, the acceleration response varies across
the structure, registering a minimum of 2.398 mm/s> on
the ground-floor and peaking at 25.696 mm/s” at the dome.

@ Springer

Throughout the structure, the response is predominantly ori-
ented in the negative direction, except on the fourth floor,
where a positive response of 20.695 mm/s? is observed.
The entire response pattern of the CT maintains a consist-
ent time duration of approximately 68 s shown in Fig. 16a.
The evaluation of longitudinal deformation response within
the CT structure, depicted in Fig. 16b, reveals minor varia-
tions across each level. The smallest and largest responses
are observed on the ground-floor and the dome, measuring
0.039 mm and 0.43 mm, respectively. The overall deforma-
tion pattern within the masonry tower exhibits a progres-
sion from negative values on the ground-floor to the dome.
The dynamic response is only minimally affected, attrib-
uted to the substantial foundation and the symmetrical brick
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Fig. 16 Clock tower responses

masonry wall of the CT. As the tower’s height decreases
due to diminishing wall thickness, the responses gradually
increase in tandem. Notably, the second-floor level presents
the most pronounced responses, particularly in connection
areas and openings within the tower.

The stress distribution within the CT structure has been
assessed for its dynamic behaviour, encompassing the spa-
tial transition from the ground-floor to the dome, as illus-
trated in Fig. 16c. At the junction of the masonry wall and
the roof on the ground-floor, the maximum stress response
measures 0.169 MPa. Likewise, at a fixed-thickness plinth

1.07 m above the ground, the stress response registers at
0.123 MPa. As one ascends from the first-floor to the fifth-
floor of the CT, the stress response decreases in a gradi-
ent, ranging from 0.119 MPa to 8.485x10™* MPa. In the
context of the dome section of the CT, stress distribution
manifests as 0.00162 MPa at the lower dome-masonry con-
nection and 1.333x10™* MPa on the upper dome surface.
Multiple stress concentration points have been identified
throughout the structural heights, including the ground floor
to the fifth floor. These include masonry walls, arches, col-
umns, roofs, dome elements, and various connections such
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Fig. 16 (continued)

as wall-to-wall, wall-to-roof, arch-to-arch, and arch-to-wall
interfaces. Openings such as doors, windows, ventilators,
and arch-crowns exhibit stress variations. Prevalently, the
most significant stress concentrations arise within the entire
tower’s masonry walls and arch components. These high-
stress areas correlate with observable cracks and structural
impairments, which were discernible during on-site tower
surveys.

The Side Stair Tower (SST) is the second-tallest tower
in the SH building. A time-history analysis was conducted
to evaluate its dynamic response, focusing on acceleration,
deformation, and stress. The acceleration response is shown
in Fig. 17, where the highest acceleration, 198.12 mm/s?,
occurs at the top of the dome. The lowest value, 2.39 mm/
s2, is recorded at the ground floor. The trend shows increas-
ing acceleration with height, similar to the Central Tower
(CT). Higher acceleration values are concentrated at the
stone elements, particularly panels, and drums. At the first
and third floors, acceleration ranges from 15.14 mm/s” to
75.65 mm/s> (Fig. 17a), reflecting the SST’s mixed con-
struction—brick masonry and stone. Thick masonry walls
and arches dominate from the ground to second floor, while
the third floor features stone arches and panels. Figure 17b
shows the deformation response, which also increases with
height. The maximum deformation of 4.74 mm occurs at the
dome, while the minimum, 0.41 mm, is observed at the first-
floor roof. Negligible deformation was found at ground level.
Stone elements recorded 2.24 mm in arches and 3.26 mm
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in drums. Brick masonry showed minimal deformation due
to its mass. The stress response is detailed in Fig. 17c. The
maximum stress, 0.125 MPa, is recorded at the tower base,
and 0.021 MPa at the stair-masonry wall junction on the
second floor. Minor stresses were noted at stone arches, arch
crowns, and window crowns. Inside the dome, stress was
negligible at~10-3 MPa, confirming limited internal load
transfer.

The FCT is the third-tallest tower in the SH building
complex and differs from CT and SST in its construction. It
integrates stone arches and brick masonry, with office space
on the first floor, and stone vaults on the ground and second
floors supporting a dome. The tower’s dynamic behaviour
under seismic loading was evaluated through time-history
analysis. As shown in Fig. 18, the acceleration response
increases with height, peaking at 190.96 mm/s” at the dome’s
apex and reaching a minimum of 0.188 mm/s? at the strong
1.07 m-thick plinth base. Intermediate floor responses range
from 34.06 mm/s® to 178.77 mm/s> (Fig. 18a). Stone vaults
on the ground floor and a drum-column-dome system on the
third floor largely influence this response.

The deformation response (Fig. 18b) follows a similar
trend, increasing with elevation. The dome registers the
highest deformation of 4.356 mm, while the base exhibits
a negligible 0.0049 mm. Floor-wise deformations range
between 0.966 mm and 4.066 mm. Cracks and structural
issues were particularly noticeable at arches, columns, and
walls of the ground and third floors, confirmed through
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on-site inspections. As illustrated in Fig. 18c, the stress
distribution varies across the height. The maximum stress,
0.179 MPa, occurs at the roof-wall connection on the second
floor, while the lowest, 0.0011 MPa, is observed at the first-
floor roof and dome column junctions. These stress zones
correspond to observed damage points, indicating structural
vulnerability at these connections.

The BCT, located at the rear of the SH building, is the
fourth-tallest tower in the complex. Its structure consists
of brick masonry walls on the ground and first floors, with
stone arches and panels on all sides of the second floor.
The tower’s acceleration response is illustrated in Fig. 19a,
where the highest acceleration of 71.432 mm/s” occurs at the
dome apex, and the lowest of 0.232 mm/s” is at the plinth.
Acceleration increases steadily with height and closely mir-
rors trends seen in CT, SST, and FCT towers. The tower’s
deformation behaviour is shown in Fig. 19b. Deformation
increases with height, starting from 0.007 mm at the plinth,
rising to 0.741 mm on the ground floor, 1.724 mm on the
first floor, and 2.351 mm on the second floor. At the dome,
deformations reach 2.525 mm at the base and 2.681 mm
at the top. Stress responses are presented in Fig. 19¢, with
the highest stress of 0.038 MPa found at the ground-floor
masonry wall junction. Other notable stress points include
0.034 MPa at the tower’s fixed base and 0.009 MPa at the
plinth (1.07 m thick). Dome stresses range from 0.013 MPa
near the base to 0.002 MPa at the top. Compared to other
towers, BCT shows lower stress levels due to strong masonry
design on the lower floors.

Comparison of Tower Responses

Static and dynamic analyses of the four towers revealed that
the SST tower experienced the highest stress and deforma-
tion under dead-load conditions. This can be attributed to its
structural configuration—unlike the other towers, which are
connected to the main building on two sides, the SST is only
connected on one side up to the first floor. Under live-load
conditions, SST again showed maximum stress, while the
CT tower’s dome recorded the greatest deformation.

In the modal analysis, the BCT tower exhibited the high-
est natural frequencies among all towers. The first six modes
of the towers demonstrated comparable frequency ranges, as
outlined in Table 9. While the first three towers peaked in the
sixth mode, BCT showed similar peak frequencies between
the third and fourth modes.

Ground-motion analysis recorded acceleration, deforma-
tion, and stress responses at key floor levels for each tower,
also summarized in Table 9. Visual inspection confirmed
that the upper levels, particularly those composed of stone-
work and domes, were the most responsive. The unrein-
forced masonry walls showed notable responses, whereas

structural connections exhibited minimal activity. The
masonry facades mainly remained unaffected.

However, visible damage was observed in the walls and
connection zones across all towers, mainly due to the loss
of binding material at each floor. In particular, the roof and
dome binding materials suffered internal collapse, leading
to large cracks on both sides of the roof elements.

Conclusions

This comprehensive numerical investigation assessed the
structural performance of the masonry towers in the his-
toric SH building at Allahabad University, India, using
non-destructive testing (NDT) and finite element simula-
tions. The modelling integrated data from archival records,
site surveys, and photographic documentation, ensuring
realistic geometry and material properties. On-site obser-
vations indicated the towers are generally stable, though
minor cracks were found around doorways, windows, and
staircases. Overall, the brick and stonework demonstrated
notable resilience.

However, serious concerns emerged on the upper floors,
where material deterioration and partial collapses have
restricted access. Loss of binding materials and construction
joints compromised the integrity of structural interconnec-
tions. Unplastered upper sections showed significant damage
from environmental exposure.

Using macro modelling, both static and dynamic
responses were analysed across the four towers. The SST
tower displayed the highest stresses under dead and live load
(see Fig. 3, Table 9), while the CT dome showed maximum
deformation. The BCT tower recorded the highest natural
frequencies, with detailed comparisons in Table 9. Time his-
tory analysis with synthetic ground motion revealed peak
acceleration, stress, and deformation at upper levels, espe-
cially near domes and stairs.

This study confirms that the ground and first floors of
the towers remain in good structural condition, while the
upper levels require urgent intervention. Preservation efforts
should focus on strengthening staircases, connections, and
binding joints in the upper portions to maintain the structural
integrity and heritage value of these Indo-Saracenic-style
masonry towers.
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