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Abstract: Ancient civilizations have imprinted their legacy on Zanzibar Stone Town through the
construction of revered stone masonry buildings, which are experiencing rapid deterioration due
to severe ambient environmental impacts. In response to these challenges, this study presents a
comprehensive field exploration through the ambient vibration test (AVT) and numerical prediction
of historical stone masonry buildings in Zanzibar Stone Town to analyze the dynamic characteristics.
The ambient vibration test (AVT) reveals structural dynamic properties in terms of peak resonance
frequencies (fr(avg)), mode shape, and damping ratio, in conjunction with the development of cor-
relation with the geometric parameters of the building. The results reveal f,(avg) ranges between
2.8 and 5.3 Hz for investigated structures, non-uniform deformed mode shapes, and damping ratio
ranges between 1.35% and 4.45% at various orientation axes of the understudy buildings. However,
the relationship between natural frequencies indicates a higher association with the geometrical
parameters of the building, yielding a correlation coefficient (R?) between 0.85 and 0.99. Moreover,
the numerical prediction via eigenvalue analysis (EVA) yields a considerable association with the
investigated data, quantified by root mean square error (RMSE), mean absolute error (MAE) ranged
between 0.29 and 0.3, with Nash—Sutcliffe efficiency (NSE) and RZ between 0.81 and 0.99, respectively.
Furthermore, conservation work guidelines were also developed to assist the structural engineer
and conservationist in adopting targeted conservation strategies for the efficient preservation of the
historical integrity in Stone Town.

Keywords: stone masonry buildings; ambient vibration test; numerical analysis; dynamic properties;
conservation guidelines; Zanzibar Stone Town

1. Introduction

Ancient construction holds immense significance pertaining to cultural, historical, and
archeological importance, standing as a testament to the ingenuity of past civilizations and
craftmanship at the global level. These classical landmarks imbued with cultural heritage,
historical legacy, and architectural marvels yield tangible links to the collective identity of
historical epochs. The ancient constructional artifacts are considered invaluable assets that
contribute to tourism and foster a deep understanding of construction methodologies prac-
ticed throughout antiquity. However, over the temporal continuum, the dynamic ambient
conditions and detrimental climatic patterns manifest persistent structural deterioration,
damages, and even collapse, resulting in the loss of the ancient artifact’s original identity
and historical values. These dynamic factors involve the unstoppable aging of construction
materials, the impact of wear and tear, and evolving land use patterns that impart a dilapi-
dated effect on the ancient structures. Therefore, the comprehensive dynamic characteristics
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of the structure become crucial for targeted preservation, informed restoration efforts, and
enhanced disaster resilience to ensure the longevity of these historical edifices.

Despite technological advancements for the conservation of ancient archeological arti-
facts, the lack of physical examination persists in terms of lethargic investigations, periodic
monitoring, and non-availability of structural health guidelines. This obstacle hampers the
timely identification and mitigation of structural vulnerabilities, particularly evident in
the case of historical stone construction. The Stone Town is situated on the western side
of the Zanzibar archipelago and celebrated for its rich historical legacy rooted in Indian
Ocean maritime trading activity over many centuries; however, it is subject to debate due to
structural degradation over time. With unique architectural features, the locale has become
the epicenter for tourist attraction and was declared a UNESCO World Heritage site in the
year 2000 [1-3]. Traditionally, these structures are made of stone masonry blocks bonded
with lime mortar and begin showing signs of decay owing to moisture and water ingress,
freeze-thaw cycles, saline intrusion, extreme temperatures, and wind erosion, respectively.
This necessitates a comprehensive ambient dynamic assessment to address the expedient
and irreversible degradation of site structural components, mitigating the ongoing loss of
traditional architecture.

In the past, the historical stone building in Stone Town experienced major disasters
in the form of tropical cyclones, the Indian Ocean Tsunami in 2004, and extreme flooding
in 2005, respectively, which inflicted multiple structural damages on the buildings. How-
ever, over the last 20 years, the United States Geological Survey (USGS) recorded several
earthquakes within a 200 km circle radius centered around Stone Town [4-6]. Likewise, on
15 January 2005, a magnitude 5.0 tremor occurred 18 km north of Stone Town, inflicting
damage on major buildings in terms of various crack openings and propagation, leading
to material loss and even structural failures. For instance, the Friday Mosque at Forod-
hani collapsed due to a seismic event with an estimated magnitude between M,, 3 and
My 5 [7,8]. These seismic events further exacerbated the fragility of traditional masonry
structures, causing vulnerable joints and connections, which, in turn, led to accelerated
deterioration, particularly under the influence of dynamic ambient conditions such as high
traffic flow wind and other dynamic impacts. According to the Stone Town Conservation
Office assessment, 50% of total houses have a fair condition, 30% have deteriorated, and
20% are in poor condition due to structural deformation and poor-quality intervention.
In light of this, predicting dynamic responses based on ambient factors becomes crucial.
This prediction can assist in the development of strategies for structural modification
planning and optimization design with minimal intervention. Synthesizing the dynamic
response influenced by ambient factors yields enhanced understanding and an effective
plan for modifications to preserve archeological structure while minimizing the need for
extensive interventions.

The operational modal analysis (OMA) becomes critical for the degrading historical
structure to explore the dynamic characteristics, including the natural frequencies, damping
ratio, and mode shapes, without the application of external forces. In this context, the
identification of natural frequencies of the structure corresponds to the rate of alternation
in stiffness, reflecting the vibrational properties, resonance, and motion characteristics
at the intricate level of the structure [9-15]. For implementing new strategies, ambient
vibration testing (AVT), a non-intrusive method that employs a non-destructive approach,
relying on natural excitation sources, induces dynamic responses in the structure. It better
captures the ambient conditions with considerable accuracy and precision, yielding the
crucial modal parameters, such as natural frequencies, damping ratio, and mode shapes,
from the recorded acceleration data.

The impact of environmental factors on modal properties is widely recognized. The
research studies have shown that external conditions, such as temperature and noise, can
result in significant discrepancies, with temperature having the most pronounced influence,
as reported in several case studies [16,17]. In a study conducted by Luo et al. [18,19],
the effects of temperature changes on the dynamic properties of bridge structures were
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investigated, with a focus on how these changes can affect the precision of vibration-based
damage identification techniques.

Limited studies have been conducted on the deployment of AVT to evaluate structural
behavior changes considering historic stone buildings [20-23]. For instance, a historic
three-story unreinforced masonry house in Algiers (Algeria) was investigated through
AVT and forced vibration testing to identify and analyze the seismic parameters. The
resonant frequencies were explored via the forced vibration test to establish structural
health assessment. Nevertheless, due to external influences, significant alterations in the
traditional framework led to challenging measures to maintain, as the incorporation of
substituted components and adjustments aggravated the established traditional hierarchy.
However, there is a need for the development of comprehensive guidelines for informed
conservation work [24].

To bridge the gap in terms of establishing the relationships between experimental
investigations with simulation outcomes, a few studies were found in the literature to assess
the dynamic response of traditional masonry structures. For instance, Gentile and Saisi
(2007) deployed finite element analysis (FEA) to assess the ambient dynamic response of a
74 m tall bell tower built in the 16th century [20,25-30]. By integrating material properties in
conjunction with geometry, slenderness ratio, and establishing boundary conditions to solve
the equations of motion, the model was simulated under ambient environmental conditions.
The results yielded asynchronous results compared to site-investigated data, particularly
for areas of the tower with relatively low structural stiffness ratios bearing substantial
damage. However, a significant gap persists in the literature in terms of validation and
efficiency quantification in terms of key performance indices (KPIs). A similar investigation
was carried out using ambient vibration experiments associated with FEA to investigate
the dynamic parameters of brick masonry inverted bell-shaped temples in Chiangmai,
Thailand. The excitation frequency computed using FEA demonstrates a robust correlation
with natural frequency ranges assessed through experimental investigation. However, both
findings revealed that the structure’s stiffness influences the fundamental frequency [31]. It
is too pertinent to mention that no study has been conducted on parametric relationship
development considering the dynamic characteristics of unexplored sites, i.e., Stone Town
is currently undergoing rapid structural degradation.

The elevated frequency of past seismic events in the unexplored structural dynamic of
Stone Town further aggravated the degradation rate at a rapid pace. This underscores the
pertinent need to investigate the dynamic characteristics that could identify the seismic
endurance potential and assess the associated rate of structural deformation. The natural
frequencies, damping factors, and mode shape are indicators for vibrational characteristics
that proportionally vary with the structural stiffness, rendering an instrumental correlation
for seismic resilience and assisting in framing an effective strategy for risk mitigation
guidelines for Stone Town's archeological sites [32-36].

Considering the aforementioned discussion, the study investigated the dynamic char-
acteristics of the vulnerable historical buildings of Zanzibar Stone Town through AVT,
which include the exploration and identification of natural frequency, mode shapes, and
damping ratio, respectively. Furthermore, this study encapsulates the development of
the numerical model using FEM to compare the parameters with field data for further
the quantification of accuracy in terms of KPIs. Moreover, structural health monitoring
guidelines were established for future conservation and retrofitting works.

2. Structural Description of the Site

The construction material, layout patterns, foundation emplacement depths, joints
and connections, and wall thickness exhibit consistent design across Stone Town. The
buildings are a maximum of three stories high with floor heights ranging between 4 m and
6.5 m. The rubble masonry structural components are constituted of irregular shapes of
stones, composed of corals and limestones, bounded with lime mortar joints, as illustrated
in Figure 1. The continuous footing exhibits rectangular geometry typically laid at shallow
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layers, constructed with a matrix of comparatively large-sized lime stones and mortar
positioned at a depth of approximately 0.5 m with lateral dimensions ranging between
0.65 to 1.50 m below the existing ground level (E.G.L), as delineated in Figure 2. The footing
extends to the ground level with continuous geometrical dimensions set as a base for
massive load-bearing walls measuring 0.50 to 1.00 m thickness at the outer and inner stone
wall peripheries, indicating a moderate slenderness ratio (A) ranging between 5 and 10.
These lateral dimensions of the wall serve the structural purpose of capacitating a seamless
transmission of superstructure load to the ground, rendering a higher degree of thermal
insulation from extreme temperatures during adverse climatic impacts. The adjusted
variation in wall thickness is noticeable at higher floor levels, which were purposefully
engineered for efficient load bearing and transmission smooth transmission-generated
stresses, accounting for varying load intensities across the different floor levels. The floor
slabs are conventionally laid out with lime concrete and anchored by mangrove poles
positioned at intervals of 0.30 to 0.40 m. These mangrove poles serve a dual purpose,
functioning both as reinforcement for the slab’s soffit and providing support to maintain
the upright position of the walls, as illustrated in Figure 3. The original design building
included a flat slab roof that was later replaced with a pitched roof covered in corrugated
iron sheets. These modifications were necessitated by the adverse effects of excessive water
leakage, resulting in material deterioration, structural damage, and fungal growth [37].
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Figure 2. Foundation detail.
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The mechanical properties of stone and mortar were investigated by Makunza (2017),
who reveals that the compressive strength of the utilized masonry stones and mortar varied
between 8.5 and 10 N/mm? and 0.65 and 0.95 N/mm?, with the density ranging between
land 1.2 kg/ mm?3 and 1.5 and 1.95 kg/ mm?3, respectively [4].

3. Description of the Residential Building

This study entails the exploration of the structural dynamic characteristics of four
carefully selected stone masonry buildings in Zanzibar’s Stone Town based on the visually
observed lower and higher degradation rates of these structures. The general description
of the building plans, conservation state and geometrical details, and pictorials of all
four buildings are illustrated in Table 1. Moreover, the details of the building selected as
case studies are summarized below.

Table 1. General description of the selected historical buildings and their characteristics.

Building Name Plans General View Building Details
24.0m
-
10.68m 2 r I 1
™ f— I Plan area: 877.05 m?
I I | o House height: 14.80 m
o Wall thickness: 0.75 m
: |
Old Customs < I I H] Floor-type: Rigid
" — I I Floor layout: Regular
I I Conservation state: Good condition
ol m . ‘
3468 m
Plan area: 928.97 m?
; House height: 15.20 m
Old Dispensary & Wall thickness: 0.60 m

Floor-type: Rigid and flexible
- Floor layout: Irregular
Conservation state: Good condition
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Table 1. Cont.

Building Name Plans General View Building Details
Plan area: 754.17 m?
House height: 13.60 m
: : Wall thickness: 0.55 m
Tippu Tip

8.75m

Floor-type: Rigid and flexible
Floor layout: Irregular
Conservation state: Poor condition

Palace Museum

31.30 m

B Plan area: 1252.0 m?
D ‘ r 102 House height:14.30 m
l'_| H ] L Wall thickness: 0.70 m
! LA | 1 Floor-type: Rigid and flexible
- | Ly o Floor layout: Regular
1 1 E Conservation state: Deteriorate
r. E condition

Notes:

Good condition: The house appears structurally good and shows evidence of regular maintenance.
Deteriorating condition: The house assigned does not have severe structural defects but does show unmistakable signs of deterioration and no
evidence of recent repair.

Poor condition: The houses’ structural and architectural elements are in an advanced state of deterioration and may have serious

structural problems.

Sources of data: Stone Town Conservation and Development Authority.

3.1. Old Customs Building

The Old Customs house was built in 1865 as the home fort of a newly married couple,
a daughter of the 1st Sultan of Zanzibar. In the 19th century, balconies with four iron
pillars supporting two verandas were added, as well as the transition from a flat roof into a
pitched roof covered with an iron sheet. The house was built in the Arabian style with an
open courtyard. The first floor is used for offices, and the second and third floors are for
academic purposes. It is 34.68 m long, 25.30 m wide, and with a height of approximately
14.80 m, and the wall’s thickness ranges from 0.5 to 1.0 m.

3.2. Old Dispensary Building

The Old Dispensary was built by wealthy Ismaili businessman Tharia Toppan in 1887.
It was in honor of Queen Victoria’s Golden Jubilee. Later in the 1990s, the Aga Khan
Trust was renovated and used as a cultural center. The design was based on the Indian
architecture type, and it was a symbol of cultural diversity that influenced the contribution
to the development of Zanzibar in the 19th century. The facade is embellished with large
carved doors and multistoried wooden balconies. It is a 35.20 m long, 28.85 m wide, and
15.20 m high limestone structure. The load-bearing walls have thicknesses ranging from
0.50 to 0.75 m.

3.3. Tippu Tip Building

The Tippu Tip building was the residence of the famous slave trader (Tippu Tip)
during Arab rule in Zanzibar Stone Town. It has specific historical significance and is
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an outstanding example of 19th-century Swahili architecture composed of different archi-
tectural features with Arab, Indian, and European influences. The usage changed from
single-family residences to multifamily apartment houses during its lifetime, and it is
29.75 m long and 25.35 m wide. The building height is 13.60 m, with the load-bearing walls
ranging in thickness from 0.35 to 0.75 m.

3.4. Palace Museum Building

The palace was built as the Sultan’s palace in Zanzibar in the 1830s. The palace was
partially destroyed in the shortest war in history in 1896, then was rebuilt on a more modest
scale and used as a palace until the 1964 revolution. Since then, the palace has been used
as a museum, attracting many visitors due to its historical significance and unique Arab
architectural features. The style of architecture strongly influenced the Arabian Peninsula.
This house is located alongside the other three houses, and a bridge connects all houses. It
is a limestone structure that is 40.00 m long, 31.30 m wide, and 14.30 m in height. The wall
thickness ranges from 0.5 to 0.9 m.

4. Methodology

As depicted in Figure 4, the methodology involves extensive field investigation in
all 4 buildings at various floor levels. The AVT was deployed at 41 selected locations,
and the database was subsequently gathered to analyze and explore the structural dy-
namic characteristics. The selection of spatial points for the equipment deployment was
determined given the compromised structural areas experiencing higher dilapidations.
The choice was aligned with the examination of the overall structural dynamics of the
entire building, taking into account the ambient conditions. Considering that, the AVT
equipment was deployed at the outer periphery and inner wall distributions at various
floor levels of the structure. A series of ambient vibration testing (AVT) measurements were
conducted on four historical buildings using Triaxial micro-vibration detector equipment
(MODEL-2205B) manufactured by Showa Sokki (Tokyo, Japan). These accelerometers have
a nominal sensitivity of 5V /10 mm/s, a specified frequency range of 1 to 100 Hz, and an
accuracy range of £3%. The equipment consists of two sensors, a cable connector, and
a data logger, as shown in Figure 5. The tests were conducted using a 6-channel data
acquisition system with two sensors per setup and reference points located at the center
of the building. Each sensor was connected to a 3-channel input, allowing for separate
data recording along three orthogonal directions (X, Y, and Z). The data recorded for each
sensor included acceleration, velocity, and displacement, with velocity being the primary
parameter used for these tests.

Simulated Testing ™ % Stone Town

“_ (sap2000) Y Estorical Ste) C Field Testing )
T\ T J >
=| \_  Modeling ] Dynamics Properties 1 ! )

i Investigations

‘ -------------------- FFT
» d Validation f B—
© Material ™ § £ s S
& - i Vibration )
A “.._frequency .~
5 . ]
S I;[(/‘:rsl ‘ Mode
| o 1 . Shapes ;
ratio 1 R -
N ' ; -
 — Damping

. Properties

Geometrical ™
«_ Properties

KPI .
; L 35 p— 7 p )
“.._ Dproperties / byy — 1 L ratio 7
- - " | Frperimental ™,
" Computation ", 2 £ e
T Stmctm'al Health # { Natural
. frequency .~ Monitoring i .. frequency -
*EVA: Eigenvalue Analysis Guidelmes
*FEM: Finite Element Method v
*FFT: Fast Fourier Transform Analysis
*KPI: Key Performance Indices Conclusion

Figure 4. The methodological flow chart of the study.



Buildings 2024, 14, 981

8 of 23

-

A -

Sensors

Figure 5. Pictorial illustration of AVT setup and deployment at various locations.

Two conductor cables connected the accelerometer to a computer workstation equipped
with a data acquisition board for A/D and D/A conversion of the transducer signals, as
well as for the storage of digital data. The periodic measurements were recorded at a
100 Hz sampling rate, with each recording lasting for 15 min at each point. Each observa-
tion point was taken multiple times to ensure data accuracy. Due to the limited number
of sensors available, measurements were not taken simultaneously on each floor. The
ambient response measurements and data acquisition took place on various days spanning
from 18 December 2020 to 15 January 2020. Setting up the instruments typically requires
approximately 30 min. The data collection was carried out continuously for a full day (10 h)
for each of the buildings. The number of recorded points per floor varied depending on
the complexity and accessibility of the structure. It was assumed that the buildings were
subjected to excitations from wind, traffic, and human activities.

The sensors were fixed at critical structure zones, and the signals were recorded in
cartesian orientations, i.e., in all three structural dimensions entailing the X, Y, and Z
axes. The X-axis was considered the transverse direction of the walls, the Y-axis in the
longitudinal direction of the walls, and the Z-axis in the vertical position. A schematic
diagram delineating the layout plan of the equipment deployment is illustrated with the
red rectangular shape (Figure 6). The recorded data were pre-processed to remove the
noise and artifacts that involve the elimination of mean value, filtering the high-frequency
noise to ensure that the data are in a suitable and representable format.

—— - [ E; \\\\\ ’--TI-L-!
J-II | | [r—— \\ :~“s 'E'rf"""_"-l

i T H S AN N St

J-I—-||* o — H“"’\ /7 .-.L:—L:i-'__“

==
|_-J.L.||_) ’I‘_ ml
(b) () (d)

Figure 6. Schematic diagram of the layout plan for equipment deployment (a) Old Customs; (b) Old
Dispensary; (c) Tippu Tip; (d) Palace Museum building.

Subsequently, the horizontal and vertical components were computed using the Fast
Fourier transform (FFT) to convert them from the time domain signal to frequency domain,
which subsequently led to the extraction of amplitude for horizontal (H) and vertical (V)
components at the frequency bin, i.e., H/V spectral ratio. The data were interpreted in
terms of resonance and amplification frequencies and their respective relationship with
structural parameters, crucial for seismic hazard assessment and guidelines. Meanwhile,
the numerical modeling was carried out using eigenvalue analysis (EVA) under the finite
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element method (FEM) using Sap2000 v24.2.0 software [38]. Considering the integration of
geometrical, material, and soil properties, the dynamic characteristics were evaluated. The
validation was carried out with the experimental database for the development of correla-
tions and quantified in terms of KPIs that involve the computation of root mean square
error (RMSE), mean absolute error (MAE), Nash-Sutcliffe efficiency (NSE), and correlation
coefficient (R?). Conclusively, the structural health monitoring guidelines were furnished
to establish a benchmark for future conservation work for the degrading buildings.

5. Results and Discussion
5.1. Exploration of Ambient Natural Frequencies

The measurements were taken on 18 December 2020 at 09:15 and ended on 15 January
2020 at 18:00. The temperature range during the measurement period was approximately
26 to 30 °C, during mild temperatures and light winds. The experiment was carried out
at 2 h intervals to examine temporal variations in the modal parameters. Despite this, the
recorded signals exhibited only a minor fluctuation of approximately 2% in the first mode
frequency, indicating the consistent performance of the building throughout the testing
period. Therefore, the results presented here are based on the readings from the initial
setup. These minor discrepancies observed in Stone Town buildings, characterized by
heavyweight construction with stone walls measuring 0.5 to 1 m thick, serve as substantial
barriers against varying climate conditions. Additionally, factors such as the masons’
construction skills, types of stones used, stones” configuration, and thickness of lime mortar
applied contribute to this effect.

The AVT reveals the natural frequencies for all three orientation axes from the periodic
time series measurements, demonstrating the consistent amplitude patterns at successive
time intervals along the Y- and Z-axis of the building (Figure 7a). At the same time, the
X-axis is characterized by a shorter dimension of the structure and experiences a higher
degree of amplitude. The FFT is computed independently for each of the three axes
(X, Y, and Z). The vertical vibration effect was eliminated via the H/V spectral ratio
derived by dividing the amplitude of the horizontal axis by the corresponding vertical
axis data considering the synchronized specific frequency ranges (Figure 7b,c) [39,40]. The
H/V spectral ratio reveals the distinct resonating frequency peaks at different floor levels,
directions, and at the location of AVT deployment, as delineated in Figure 7d. Meanwhile,
the average peak resonance frequencies were computed for each floor of the building,
extending to the exploration of all four historical buildings of Stone Town.

The H/V spectral ratio of the Old Customs building reveals the distinct resonating
frequencies at various floor levels. On the second floor, the average peak resonating
frequency (fr(avg)) ranged from 4.9 to 4.2 Hz, while the third floor exhibited between 5.3 and
4.7 Hz on the X- and Y-axis (indicated by solid magenta line and cyan dashed line) of the
building, indicating the structure may respond differently to ambient waves propagating
in different directions, characterized by unsymmetrical plans, anisotropy, lower in-plan
wall area ratio, and higher stiffness of the utilized construction material. In contrast to the
X-axis fr(avg) depicting the sharp peaks, the Y-direction implies a less pronounced f;(ayg)
with a more distributed range, as illustrated in Figure 8a,b.

On the other hand, compared to the structural shorter dimension (X-axis), the fy(avg)
recorded at the longer dimension, i.e., the Y-axis, yields lower peaks, owing to which the
cracks and material deterioration are much more significant. Likewise, the f(yg) for the
Old Dispensary building was identified in the X and Y directions as 4.2 Hz and 3.9 Hz for
the second floor and 4.6 Hz and 4.3 Hz for the third floor, demonstrating the increasing
frequency trend at higher floor levels in conjunction with the decremental variation in the
in-plan wall area ratios with the higher rigidity of the structure (Figure 9a, b). Meanwhile,
for the Tippu Tip building, the f;(ayg) Was explored on the second and third floors, revealing
arange of 3.2 and 2.8 Hz and 4.0 and 3.4 Hz along the X- and Y-axis orientations, yielding
the least resonance frequencies among all four structures due to the poor existing condition
of the building, which causes lower stiffness and trivial rigidity, making it highly prone
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to structural damage in case of any seismic events (Figure 10a,b). Therefore, keeping in
view of infused ambient vibrations, the fr(ayg) is found to be in extremely vulnerable ranges
and necessitating immediate steps for initiation of structural conservations. Similarly,
for the Palace Museum building, the f;(avg) on the second floor was identified as 4.1 and
4.3 Hz, while the third floor exhibits the range of 4.4 and 4.8 Hz in the Y- and X-axis,
respectively (Figure 11a,b). The overall results of the Ambient Vibration Test (AVT) provide
significant information that can be used to estimate the degradation process of the structure
in the future.
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Figure 7. AVT results of the 2nd floor Old Customs building; (a) Time history data, (b) Fourier
spectrum, (c) spectral ratio in X- and Y-axis, (d) Trend in spectral ratio at various location.
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Figure 9. Natural frequencies of the Old Dispensary building; (a) 2nd floor, (b) 3rd floor.
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5.2. Mode Shape

To capture the specific patterns of the structural motion that undergoes vibration
at fr(avg), the modes shapes were developed for all four investigated historical buildings,
revealing how different parts of the structure move relative to each other. The mode shape
reveals the non-uniform structural deformations attributed to the anisotropic distribution
of the wall and floor thicknesses, signaling heterogeneity in mass and stiffness, as indicated
by the black solid line. Moreover, the displacement along the X- and Y-axis could lead to
the relative motion between the floors, which may create a higher degree of distress in
the building, especially during intense seismic or wind events. Both mode shapes (first
and second) of the Old Customs building indicate a significant non-uniform deformation,
as indicated by a solid line along both axes against the existing layout (dashed line) of
the structure, as indicated in Figure 12a,b. Under any seismic event, if these deflections
occur simultaneously, it may result in twisting motion under the torsion mode that may
subsequently lead to structural failures. Contrarily, the mode shapes (first and second)
for the Old Dispensary building depict the more pronounced deformation along the X-
and Y-axis, as highlighted by a solid line against the dashed line (Figure 13a,b). Moreover,
the prevalent orientations of the solid line highlight the unsymmetrical distribution of the
stresses, signaling the vulnerability of torsional twist.

(@ (b)

Figure 12. Mode shapes of Old Customs building; (a) 1st Mode, (b) 2nd Mode.
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Figure 13. Mode shapes of Old Dispensary building; (a) 1st Mode, (b) 2nd Mode.

On the other hand, the mode shape of the Tippu Tip building in the 1st mode shows
the sharp peaks of a deformed line against a dashed line along the X-axis and Y-axis, respec-
tively, indicating the significant variation in mass and stiffness distribution characterized
by changing wall thickness. On the other hand, the overlapping alignment was observed
on the second mode, highlighting the deformations more significantly along the Y-axis
(Figure 14a,b). Likewise, the mode shapes of the Palace Museum building were explored in
the first and second modes, indicating uniform deformation patterns with a considerable
displacement in the existing structure (Figure 15a,b). In the first mode, the magnitude of
deformation amplified along the X-axis, while significant displacement was observed along
the Y-axis in the second mode. In case of any seismic event, the non-uniform distribution
patterns along the X- and Y-axis for both floors may result in a heterogeneous distribution
of external force that may further damage the degrading structural integrity. The overall
dynamic response of the structure is substantially impacted by the deformed patterns of
the mode shapes. This intensifies the depreciation effect of the building, particularly as
these patterns vary across different floor levels [41].

(@) (b)
Figure 14. Mode shapes of Tippu Tip building; (a) 1st Mode, (b) 2nd Mode.

R

(@ (b)
Figure 15. Mode shapes of Palace Museum building; (a) 1st Mode, (b) 2nd Mode.
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5.3. Damping Ratio

The damping ratio in historical structures holds crucial importance as it offers insights
into the energy dissipation characteristics, yielding discernible patterns and trends along
different orientation axes. The damping ratios typically reflect the amount of energy
dissipated following oscillations. The half-power bandwidth method was applied in this
study to assess damping in a system based on experimental response curves. This method
relies on the frequency-response curve and entails identifying the maximum amplitude
associated with the natural frequency of the system. Utilizing the half-power bandwidth
method, structural damping parameters can be calculated via the frequency response
function (FRF) [42-46].

The range of damping ratios in the first three modes of vibration along the X- and
Y-axis are presented in Table 2. Significantly, the pattern of elevated natural frequencies
with higher modes was observed. The Tippu Tip building displays the lowest damping
ratio, ranging from 1.35 to 2.21%, indicating a higher level of structural vulnerability as
it can deform more easily under the dynamic load. On the other hand, the Old Customs
building exhibits the highest damping ratio, ranging from 2.16 to 4.45%, implying compara-
ble stiffness and mass distributions. The observed differences in the responses along both
directions indicate the presence of anisotropic characteristics, which could be attributed
to an asymmetrical design or uneven mass distribution. Comprehending these charac-
teristics is crucial for structural health monitoring and guaranteeing that seismic design
considerations adequately reduce resonance risks during earthquakes [47-49].

Table 2. Identified damping ratio.

Building Name Mode Damping Ratio % Damping Ratio %
1st 2.88 2.16
Old Customs 2nd 2.53 2.18
3rd 4.45 4.00
1st 2.74 2.36
Old Dispensary 2nd 1.26 1.53
3rd 1.84 1.74
1st 1.50 1.45
Tippu Tip 2nd 2.14 1.35
3rd 2.21 1.65
1st 2.26 2.06
Palace Museum 2nd 1.52 231
3rd 2.89 2.56

5.4. Correlation of Natural Frequency with Structural Parameters

The empirical correlations were formulated to evaluate and establish the relationship
between the natural frequency and the geometrical parameters, including the structural
height and wall thickness, respectively (Table 3). The regression analysis performed on
all four historical structures reveals distinct patterns and trends in correlation coefficients.
The results reveal a positive correlation between geometric properties and natural fre-
quency, which may be peculiar to the construction style or materials used in these historical
structures. The natural frequency varies directly proportionally to the height of the struc-
ture and exhibits a steep slope with parallel alignment for the X- and Y-axis, respectively,
having R? ranging as 0.99 (Figure 16). On the other hand, in contrast to the X-direction,
the natural frequency relationship with wall thickness is stronger in the Y-direction, as
indicated by the steeper slope of the regression line with R? ranging between 0.85 and
0.94 (Figure 17). This could be due to directional variations in construction or possibly
the result of different load-bearing roles of walls in the X and Y orientations. Both sets of
geometrical parameters exhibit a direct relation with geometrical parameters and could be
used for prompt pre-estimation and pre-evaluation of the natural frequencies for traditional
masonry structures [50].
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Table 3. Comparison of ambient natural frequencies and geometric parameters of the buildings.

Recordi . ) Wall Length of Wall (m) Average
Building Name ecording Maximum Height at Top Floor Wa per Floor Frequency (Hz)
Locations from P.L. (m) Thickness (m)
X Y X Y
3rd floor 150.43 142.40 5.3 4.7
Old Customs 2nd floor 14.80 0.75 19553 17806 49 42
. 3rd floor 113.66 99.23 4.6 4.3
Old Dispensar
pensary: 5nd floor 15.20 0.6 15634 12249 42 3.9
. . 3rd floor 63.52 50.28 4.0 3.4
Tippu ti
pputip 2nd floor 13.60 0.55 9898  73.94 3.2 2.8
3rd floor 130.89 91.59 44 4.8
Palace Museum 54 goop 14.30 0.7 16056  89.53 41 43
5 T T T T 1
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Intercept —9.38185 + 0.22593| 1 1
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Figure 16. Natural frequencies vs. house height.
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Figure 17. Natural frequencies vs. wall thickness.

6. Numerical Modal Analyses

The modal analysis was executed through EVA to extract the dynamic properties of
four historical buildings. The structural representation of the investigated historical build-
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ings was achieved using the Sap2000 software, employing the finite element method [51].
The construction material was investigated in terms of elastic modulus (E), Poisson ratio
(v), unconfined compression strength (UCS), and density for the masonry block stone,
as well as mortar, which was subsequently integrated into the EVA modeling (Table 4).
The boundary conditions were established, considering the environmental condition of
buildings, with the assumptions including: (1) all floors were considered a rigid element;
(2) walls were considered a load-bearing component to develop the 3D model.

Table 4. Material properties.

. Density ucCs E
Material (kg/m®) (MPa) (MPa) W)
Stone 1297 10.02 3757 0.15
Mortar 793 0.71 2245 0.05

The natural frequencies and percentages of the participation of masses for these
10 modes for each building are delineated in Table 5. The structural natural frequency and
corresponding modal participation factors along the X- and Y-axis (Mx and My) indicate
the magnitude of the structural mass contribution across the various mode levels. The Old
Customs building exhibits a wide range of natural frequencies (f) ranging from 4.1 to 11.9
Hz, reflecting heterogeneous structural mass distributions, while My accounts for 94.32%
in mode-1, evincing the susceptibility of the principal response likely to occur along the
Y-axis. Meanwhile, natural frequencies of the Old Dispensary building under various mode
levels fall in the range of 3.8 to 5.9 Hz highlighting the significant participation of mode-2
in the Y-direction (My), accounting for 51.18% mass contribution.

Table 5. Results of the modal analysis.

Old Customs Old Dispensary Tippu Tip Palace Museum
Mode f Mx My f Mx My f Mx My f Mx My
[Hz] [%] [%] [Hz] [%] [%] [Hz] [%] [%] [Hz] [%] [%]
1 41 0.07 94.32 3.8 37.50 30.90 2.4 0.33 82.52 3.9 0.01 84.74
2 4.3 31.80 0.03 3.9 33.31 51.18 2.6 80.68 0.55 4.7 47.02 0.24
3 4.8 62.85 0.22 42 13.14 3.67 4.4 0.02 0.68 4.9 35.04 0.57
4 4.9 0.01 0.03 4.5 5.88 5.07 2.9 0.01 12.42 5.0 0.00 1.34
5 5.5 0.03 4.57 5.0 5.90 5.62 3.7 14.40 0.00 5.6 4.07 1.41
6 6.8 3.28 0.00 5.1 0.00 0.78 4.2 0.00 0.03 5.2 0.71 8.09
7 7.8 0.15 0.01 5.1 1.32 0.19 4.4 0.02 0.09 5.4 0.58 0.22
8 9.5 0.02 0.03 54 0.00 0.00 4.6 0.00 1.83 5.8 3.93 0.12
9 10.9 0.00 0.13 5.6 0.19 0.00 4.6 0.09 0.06 74 2.65 0.25
10 11.9 0.01 0.03 5.9 0.34 0.17 4.9 0.02 0.01 8.3 0.21 0.97

On the other hand, the frequency range of the Tippu Tip building ranges between
2.4 and 4.9 Hz with a max 82.52% of My in mode 1, indicating vulnerability to strong lateral
deformations. Likewise, the building of the Palace Museum exhibits frequencies ranging
from 3.8 to 8.3 Hz, and mode-1 demonstrates significant involvement in the Y-direction,
accounting for 84.74% of the total structural mass. Conclusively, the first mode tends
to have higher Mx and My at the corresponding frequency ranges between 3.8 and 4.1,
indicating that the primary mode of vibration is significant for each structure’s dynamic
behavior. In addition, the primary modes are critical for the seismic and dynamic analysis
of the buildings due to their high Mx and My. The developed building model and the
corresponding dynamics of mesh triangulation in pre and post-simulation of dynamic forces
for each building are delineated in Figures 18-21. The Figure highlighted in red indicates
that the mode shape of the max vibrations, characterized by a converged triangulation
network at various locations, signals the maximum stress concentrations, which is crucial
for understanding the overall dynamic behavior of the structure.
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Figure 18. Modal analysis results for the Old Customs building; (a) 3D view, (b) 3D view after
simulation, (c) identified 1st Mode (d) identified 2nd Mode.

(0) (d)

Figure 19. Modal analysis results for the Old Dispensary building; (a) 3D view, (b) 3D view after
simulation, (c) identified 1st Mode (d) identified 2nd Mode.



Buildings 2024, 14, 981 18 of 23
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Figure 20. Modal analysis results for the Tippu Tip building; (a) 3D view, (b) 3D view after simulation,
(c) identified 1st Mode (d) identified 2nd Mode.

(b)

(0) (d)

Figure 21. Modal analysis results for the Old Palace Museum building; (a) 3D view, (b) 3D view after
simulation, (c) identified 1st Mode (d) identified 2nd Mode.
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6.1. Validation of Results

The average natural frequency predicted via numerical modeling yields a considerable
association with the actual field data derived from the AVT method. The numerical results
show a consistent pattern of lower natural frequencies compared to those obtained from
AVTs, with the percentage differences ranging from 5.8% to 8.6% in the X-direction and
7.1% to 11.1% in the Y-direction, as shown in Table 6. The difference is attributed to the
inclusion of non-structural elements during the development of the building model, which
leads to the underestimation of the natural frequencies. This variation is crucial as it
underscores the inherent discrepancies that can arise between experimental measurements
and theoretical predictions.

Table 6. Comparison between experimental and numerical models.

Frequency (Hz)
Building Name X-Direction Y-Direction
AVTs Numerical Difference % AVTs Numerical Difference %
Old Customs 5.1 48 5.8 45 41 8.8
Old Dispensary 4.6 41 6.8 41 3.8 7.3
Tippu Tip 3.2 2.9 6.4 2.8 24 11.1
Palace Museum 4.4 4.2 8.6 4.2 3.9 7.1

In addition, the prediction results were quantified using KPIs that include the determi-
nation of RMSE, MAE, NSE, and R?, respectively. As displayed in Table 7, the RMSE and
MAE in the X and Y orientation axes of the building ranged between 0.29 and 0.3, with NSE
and R? ranging between 0.81 and 0.99, respectively. The KPI indicates that the numerically
predicted data yield closer results with an experimentally investigated database, indicating
a higher degree of calibration and reliable prediction to assess the dynamic characteristics
of the historical building. The accurate exploration of natural frequency data is vital for
seismic risk assessment, retrofit planning, and understanding the structural behavior of
these buildings and assists the structural engineers and conservationists in preserving the
historical value of Stone Town while ensuring modern safety standards.

Table 7. KPI of the prediction results.

Sr Orientation (Axis) RMSE MAE NSE R?
1 X 0.30 0.29 0.81 0.99
2 Y 0.30 0.30 0.82 0.99

6.2. Conservation Work Guidelines

In the context of the derived natural frequencies, mode shapes, and damping char-
acteristics from AVTs and numerical models, the comprehensive conservation guidelines
for historical structures should emphasize the perpetuation of structural integrity and
historical authenticity. Due consideration should be given to f;(ayg) to analyze the ambient
vibration effectively and accordingly incorporate it into the structural conservation plan
to address the anisotropy, asymmetry, and potential weakness due to the lower in-plan
wall area ratio. The explored lower frequency peaks highlight the material deterioration
and the crack presence, especially in the longer dimension of the structure, and assist in
prioritizing the potential areas for material reinforcement and repair. Furthermore, con-
servation strategies must take into account the non-uniform deformation and anisotropic
distribution of mass and stiffness, as indicated by the mode shapes. This consideration is
essential to ensure that any conservation intervention does not inadvertently alter these
distributions, thereby preventing the introduction of new vulnerabilities. In addition, the
eccentric spatial location of max amplitude is critical, indicating the potential torsional
behavior during seismic events, requiring reinforcements to mitigate the risk of structural
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failure. In addition, the retrofitting strategies should incorporate reversible techniques
and supplemental damping systems to mitigate the observed low inherent damping ratios.
Moreover, the conservation protocols must prioritize the retention of the original mass and
stiffness distribution, and any alterations or extensions should undergo rigorous dynamic
analysis to ensure compatibility with the structure’s inherent vibrational behavior. Further-
more, capacity building among conservation professionals regarding the implications of
dynamic behavior on heritage structures, coupled with community engagement on the
significance of these characteristics, will reinforce the overall conservation strategy, thereby
safeguarding both the physical and cultural value of these structures.

7. Conclusions

This paper investigates the dynamic characteristics of unexplored historical masonry
structures in Zanzibar Stone Town through comprehensive field investigation using AVT
and subsequent numerical simulation via FEM, respectively. The f;(ayg) for the investigated
historical structures was found to be in the range of 2.8 to 5.3 Hz, revealing the peak
frequency range for the Tippu Tip building lies in the range of 3.2 to 2.8 Hz, and identified
to be extremely vulnerable to collapse in case of any intense dynamic events. Overall, the
frequency trend patterns were seen to be lowered along the shorter dimension (Y-axis) of
the building in comparison to the longer dimension (X-axis). Meanwhile, the mode shape
reveals that the non-uniform deformations signal the risk of structural failure under intense
seismic or wind events. The damping ratio was explored, and The Tippu Tip building
displays the lowest damping ratio among other buildings, ranging between 1.35 and 2.21%,
necessitating the immediate conservation requirement. The empirical relationships between
natural frequencies were established with geometrical parameters, including the structural
height and wall thickness, revealing a considerable association with R? ranging between
0.85 and 0.99.

The natural frequencies were predicted using the numerical modeling functioned on
EVA using the Sap2000 software, yielding a considerable association with the field investi-
gated data, having percentage differences ranging from 5.8% to 8.6% in the X-direction and
7.1% to 11.1% in the Y-direction, respectively. The accuracy of both results was quantified
in terms of KPI yields; the RMSE and MAE ranged between 0.29 and 0.3 while NSE and
R? were between 0.85 and 0.99, resulting in a higher degree of calibration and reliable
prediction to assess the dynamic characteristics of historical structure under the ambient
vibrations. The appraisal of natural frequencies under the ambient vibration, the derived
modes of shape, the determination of damping ratios, and the subsequent numerical vali-
dation assist structural engineers and conservationists in creating effective preservation
strategies to ensure the on-field application of planned conservation works with minimal
intervention.
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