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Abstract 

Introduction Masonry minarets in Old Cairo are highly susceptible to earthquake damage, particularly those 
not designed or updated to withstand seismic loads. Therefore, regular monitoring is necessary to ensure their safety 
and detect any deterioration or reduction in seismic performance. The direct loss of a minaret can lead to the collapse 
or severe damage to the structure itself. The cascading impacts of partial or complete minaret failure can have signifi-
cant consequences for the immediate vicinity and the broader community. By studying the effects of earthquakes 
on minarets and developing mitigation strategies, countries can take proactive measures to protect these structures 
and ensure the safety of people.

Objective This study focuses on a specific type of Islamic architecture: the historic minarets in Cairo. The research 
aims to evaluate the seismic vulnerability of eight cultural heritage minarets in Cairo, identifying the parameters influ-
encing their seismic behaviour and susceptibility to earthquake damage.

Methods The research utilizes empirical seismic vulnerability methods and ambient vibration measurements 
on eight minarets. An empirical approach compatible with the nature and style of the minarets is employed to evalu-
ate their vulnerability using index values and curves. The method’s validity is assessed, and areas of conformity 
and limitations are identified. Ambient vibration tests (AVTs) are also conducted using a temporary seismic network 
installed at various heights inside each minaret to determine their dynamic characteristics.

Results The seismic vulnerability Index (I_V) is calculated for the selected minarets based on the state of each vulner-
ability parameter. The contribution of each parameter to the final I_V values of the minarets are presented. Vulner-
ability curves are developed for each minaret, interpreting the conventional vulnerability indexes in terms of mean 
damage grades for seismic events with varying intensity on the EMS-98 scale. These mean damage grades can 
also indicate the expected damage levels of structural and non-structural minaret elements for events with different 
seismic intensity levels. AVTs are conducted at various heights on the selected minarets, and the dynamic character-
istics are extracted from the recorded data. Variations in these characteristics are considered significant for structural 
health monitoring analysis. The peak-picking method is employed to directly extract each minaret’s natural frequen-
cies and mode shapes, as changes in dynamic characteristics are relevant to health monitoring analyses.

Conclusions The recent study examined the seismic vulnerability assessment of eight masonry minarets in the his-
toric Old Cairo district. The assessment revealed vulnerability index values ranging from 10.3 to 26.1, indicating 
a concerning susceptibility to seismic events among these structures. Vulnerability curves were constructed for each 
minaret, visually representing potential damage scenarios across different levels of the EMS-98 intensity scale. These 
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outcomes are significant as they facilitate prioritizing interventions to safeguard the most vulnerable minarets. Addi-
tionally, a novel empirical period equation was introduced to estimate the fundamental period of minarets in Old 
Cairo based on their heights. The equation was validated against field measurements and data from the literature. The 
study is limited by its focus on a specific category of minarets, specifically the historical masonry minarets in Old Cairo. 
Furthermore, limitations arise from the need for detailed finite element models to capture these minarets’ dynamic 
responses accurately. Therefore, ongoing research involves the development of detailed finite element models and cali-
brating fundamental periods for the selected minarets. The anticipated results hold the potential to enhance our 
understanding of the structural dynamics of historical minarets, ultimately guiding the formulation of tailored seismic 
retrofitting and preservation strategies. These strategies, aimed at preserving these cherished cultural heritage assets, 
represent our collective commitment to ensure the endurance of these timeless landmarks for future generations.

Keywords Seismic vulnerability, Cairo’s minarets, Ambient vibration tests, Vulnerability index, Earthquake

Introduction
Old Cairo is a historic district in Egypt’s capital city with 
a rich and diverse cultural heritage. With a population of 
approximately 10 million, Cairo is the largest city in the 
country (CAPMAS 2023) and is home to a wide variety 
of ancient and modern monuments that span different 
historical periods. These monuments, including Roman, 
Coptic, and Islamic structures, are often described as 
open-air museums that offer a glimpse into the city’s fas-
cinating past. The Old Cairo area is particularly signifi-
cant, as it comprises the ruins of Fustat, Fatimid Cairo, 
Al-Askar, and Al-Qattaa, which served as the Egyptian 
capital before Cairo was designated and are located to 
the east of the modern city. In addition, this area is home 
to numerous archaeological sites, including the oldest 
mosque in Africa, administrative buildings, mosques, 
schools, and fountains, which offer valuable insights 
into the city’s history and culture. In recognition of its 
outstanding cultural value, Old Cairo was designated a 
World Cultural Heritage site by UNESCO in 1979 (UNE-
SCO 2017), cementing its status as one of Egypt’s most 
important cultural treasures.

Islamic cities are known for their distinctive archi-
tecture, with minarets being one of the most recogniz-
able features of mosques. No mosque design in Islamic 
architecture is complete without at least one minaret, 
especially those that symbolize prosperity for past dynas-
ties and kingdoms. Old Cairo is home to an impressive 
collection of historical minarets, extensively studied by 
researchers such as Creswell (1926) and Behrens-Abou-
seif (2010). These scholars have delved into minarets’ 
origin, function, and style in Islamic Egypt, highlighting 
their cultural and historical significance. However, the 
number of minarets in Cairo has decreased over time, 
according to Behrens-Abouseif(2010), due to various fac-
tors affecting many monuments’ structural integrity. In 
particular, groundwater, poor building conditions, and 
inadequate seismic resistance have caused irreparable 
damage to many minarets and other historical monu-
ments. It is crucial to assess the seismic vulnerability of 

historical monuments and develop preservation policies 
that prioritize their safety to safeguard these monuments 
and protect lives and property.

Historical minarets in Cairo are integral to the city’s 
cultural identity. They are symbols of Islamic architec-
ture and serve as a testament to the city’s centuries-old 
Islamic heritage. These minarets contribute to Cairo’s 
unique atmosphere and add to the city’s cultural tapestry. 
Those minarets in Cairo showcase exceptional architec-
tural craftsmanship and design. They often exhibit intri-
cate details, ornate decorations, and unique architectural 
styles, reflecting the artistic and architectural achieve-
ments of the periods in which they were constructed. 
These minarets stand as remarkable examples of Islamic 
architectural excellence. Many of Cairo’s minarets have 
historical significance tied to specific events, rulers, 
or dynasties. They provide insights into the city’s past 
and offer a glimpse into the historical development of 
Cairo. These minarets have witnessed the rise and fall of 
empires, political changes, and cultural transformations, 
making them valuable historical artifacts. The minarets 
in Cairo serve as prominent landmarks, helping orien-
tate and navigate the city. They stand tall above the urban 
landscape, guiding people and serving as reference points 
for locals and visitors alike. The minarets’ distinct archi-
tectural features make them easily recognizable and con-
tribute to the city’s visual identity.The damage to minarets 
in Turkey and Syria during the February 2023 earthquake 
sequence highlighted the vulnerability of these struc-
tures to seismic events. The cascading impacts of par-
tial or complete failure of minarets can have significant 
consequences for the immediate vicinity and the broader 
community.Direct loss of the minaret can result in the 
collapse or severe damage to the structure itself. The loss 
of a minaret can profoundly impact the area’s aesthetic 
appeal and diminish the historical and cultural signifi-
cance of the mosque and surrounding buildings. This loss 
can devastate countries with a rich heritage of minaret-
dominated structures, symbolizing religious and archi-
tectural heritage. By studying the impacts of earthquakes 
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on minarets and developing mitigation strategies, coun-
tries can take proactive measures to protect these struc-
tures and ensure the safety of people who utilize mosques 
for prayer or seek shelter during emergencies.

Seismic vulnerability is a fundamental property that 
reflects a building’s susceptibility to damage when 
exposed to seismic motion (Asteris and Plevris 2015). 
It is a measure of the reduction in the building’s struc-
tural efficiency and its residual capacity to withstand 
earthquake forces (Lang and Bachmann 2003). The first 
attempts to evaluate building vulnerability were made in 
the early 1980s in the United States and Central and East-
ern Europe (Vicente et al. 2011). Since then, researchers 
have developed different methods for assessing seismic 
vulnerability, broadly classified as empirical (i.e., a quali-
tative evaluation using data collection forms) or ana-
lytical (Kassem et  al. 2020). Empirical methods rely on 
qualitative evaluations using data collection forms, while 
analytical methods are based on mathematical models 
considering the building’s geometry, materials, and struc-
tural system. These methods have proven helpful in iden-
tifying vulnerable buildings and prioritizing retrofitting 
measures, ultimately saving lives and preventing property 
damage during earthquakes.

Several researchers have studied seismic vulner-
ability and historical structures in various locations. For 
instance, Catulo et al. (2018) evaluated seismic vulnera-
bility in the Lisbon Heritage City Centre. Ademović et al. 
(2016) examined the structural condition and repair of 
the CarevaĆuprija Bridge in Sarajevo. Hadzima-Nyarko 
et  al. (2017) assessed the seismic vulnerability of an old 
historical masonry building. Additionally, Işık et  al. 
(2019) utilized QR code technology to study the behav-
iour of Ahlat gravestones in Turkey. Empirical methods 
for assessing seismic vulnerability evaluate the potential 
seismic deficiencies of a structure or group of structures 
by examining their significant components. They can also 
estimate the likelihood of a structure exceeding its cur-
rent damage state and the anticipated damage level in an 
earthquake of a particular intensity. The National Group 
for Earthquake Defense-GNDT II level (GNDT-SSN 
1994) has been widely used to assess the seismic vulner-
ability of masonry structures. However, this approach has 
its limitations when it comes to slender masonry struc-
tures like historical minarets. Researchers have developed 
new vulnerability assessment methods based on quali-
tative and quantitative parameters to address this issue. 
For instance, Speranza et al. (2006) proposed a method to 
assess the vulnerability of tower-like masonry structures, 
while Sepe et  al. (2008) and Shakya et  al. (2018) modi-
fied this method to evaluate slender masonry structures 
such as historical minarets. Despite the potential ben-
efits of these techniques, they have yet to be applied to 

the masonry minarets in Cairo. Given the importance of 
these historical structures, researchers need to develop 
and apply effective vulnerability assessment methods to 
protect them from seismic hazards.

The seismic vulnerability of slender masonry struc-
tures, including minarets, can be evaluated using ana-
lytical methods based on 3D models. Although there 
are numerous historical minarets in Cairo, few stud-
ies have focused on masonry minarets due to the com-
plexity of these detailed techniques, which are typically 
more suited to individual structures. For instance, Higazy 
(2004) conducted a 3D spectral analysis on five minarets 
from different historical periods, including a 100 m high 
reinforced concrete minaret. El-Attar et al. (2001) investi-
gated the seismic response of two Mamluk-style minarets 
using finite element analysis. They concluded that these 
structures were vulnerable to damage from moderate to 
strong seismic motions due to the irregular distribution 
of masses and stiffness along their heights.

El-Attar et al. (2005) updated a 3D finite element model 
of the Manjaq Al-Yusufi minaret with its Mamluk style 
using dynamic characteristics extracted from recorded 
ambient vibration data. The estimation of dynamic prop-
erties using ambient vibration tests (AVTs) was found to 
be entirely accurate. Furthermore, they found that the top 
portions of the minarets were susceptible to damage in 
moderate earthquakes. Zaki et al. (2008) reported a good 
correlation between ambient vibration testing and the 
3D finite element model of the Emir Shaykhu minarets. 
In addition, Hassan et al. (2020) developed a detailed 3D 
numerical model of the Princess Tatar al-Hijaziyya min-
aret and simulated the 1992 Cairo earthquake scenario. 
They predicted severe damage to the minaret under the 
anticipated earthquake scenario.

In recent research, minarets have been the subject of 
extensive seismic evaluation and vulnerability assess-
ments. For example, Bilgin and Ramadani (2021) delved 
into the structural behaviour of the Bajrakli Mosque in 
Kosovo. In a separate study, Işık et al. (2022a) conducted 
a seismic vulnerability assessment of a historical masonry 
minaret in Bitlis, Turkey, considering various seismic 
risks. Furthermore, Işık et  al. (2022b) conducted struc-
tural analyses on five historical minarets within Bitlis, 
Turkey. Onat et  al. (2023) explored the seismic perfor-
mance of a masonry minaret in Turkey, utilizing a block 
masonry equation-based model.  Aymelek et  al. (2023) 
also performed a comprehensive structural assessment 
using a 3D finite element model and vibration meas-
urements on a minaret in Turkey. Trešnjo et  al. (2023) 
conducted experimental investigations and assessed 
a historical stone minaret’s seismic characteristics in 
Mostar, Bosnia and Herzegovina.Furthermore, Işık et al. 
(2023a) investigated the influence of different materials 
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on the seismic vulnerability of Turkish minarets, employ-
ing artificial neural networks to determine their fun-
damental periods. In a related study, Işık et  al. (2023b) 
focused on structural damage evaluation in mosques and 
minarets in Turkey following the 2023 Kahramanmaraş 
Earthquakes.

Historical minarets in Cairo are numerous and suffer 
from significant structural deterioration, making empiri-
cal analyses of structural vulnerability necessary at any 
scale. Collected data on structural vulnerability can pro-
vide valuable information about the condition of these 
structures over time, including the location and extent of 
damage that could occur due to earthquakes, both quali-
tatively and quantitatively. Structural health monitoring 
(SHM) can also support the outcomes of inspections of 
each minaret by analyzing its response to AVTs to iden-
tify dynamic characteristics such as natural frequencies 
and mode shapes. Several studies have employed AVTs 
to monitor the dynamic behaviour of structures (Bindi 
et  al. 2015; Hassan and Elgabry 2023). Besides SHM, a 

database of structures can be established to calibrate 
their elastic properties for numerical modelling and 
to track any changes in their characteristics over time. 
Therefore, municipalities and government agencies can 
identify highly vulnerable structures requiring immedi-
ate attention to prepare for earthquakes. Seismic vulner-
ability assessment is also essential for rehabilitating and 
restoring cultural heritage sites since many were con-
structed without considering earthquake loads.

This study focuses on the seismic vulnerability of 
masonry minarets in old Cairo, which aims to identify the 
best seismic vulnerability assessment technique applica-
ble to all such structures. This research employs empiri-
cal seismic vulnerability methods and SHM analysis on 
eight minarets. First, an empirical approach that suits 
the structure’s style and nature is selected and applied, 
verifying its accuracy and validity. Then, the minarets 
undergo short-term SHM, with ambient vibration tests 
used to determine their dynamic characteristics.

Fig. 1 Anatomy of Cairo’s minarets
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The work in the paper is divided as follows. First, a 
brief view of historical minarets in Cairo is presented in 
Sect.  "Historical minarets in Cairo: anatomy, historical 
importance and challenges". Then, a review of the geo-
logical and seismic aspects of the study area is conducted 
in Sect.  "Geology and seismicity". Sect.  "Seismic vulner-
ability assessment methods" discusses the seismic vulner-
ability approach used and implemented in the examined 
minarets. The details and features of the examined min-
arets, the field measurements conducted on them, the 
extraction of their fundamental periods, and thecreation 
of a new fundamental period formula suggested for min-
arets in Old Cairoare discussed inSect.  "Results".Finally, 
the conclusionsand suggested future work are present-
edin Sect. "Results".

Historical minarets in Cairo: anatomy, historical 
importance and challenges
The minarets in Cairo are considered among the city’s 
most prominent architectural features. Typically, a 
minaret in Cairo comprises three main parts: a base, a 
shaft, and a top. The base is usually square, while the 
shaft tapers towards the top with varying geometries 
and transitions over various levels. Balconies and stair-
cases are often incorporated to allow access to the vari-
ous levels of the minaret.

Historically, Cairo’s minarets can be categorized 
into five groups based on the period they were built. 
These are the Tulunid (to 904), Fatimid (969–1171), 
Ayyubid (1171–1250), and Mamluk (1250–1517), 
which isfurther divided into two sub-periods: the 
Bahri Mamluk (1250–1382) and Circassian (Burji) 

Fig. 2 Geographic distribution of historical minarets in Cairo
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Mamluk (1382–1517), and Ottoman Turk (1517–1848). 
Although the anatomy of the minarets has remained 
relatively unchanged over time, their dimensions, 
geometries, and shapes have varied. Figure  1 displays 
the anatomy of Cairo’s minarets and their evolution 
over time. The minarets in Cairo are not only aestheti-
cally pleasing but also serve as an essential element of 
Islamic religious practice, with their height and loca-
tion serving as a call to prayer for the surrounding 
community.

Historical minarets in Cairo were typically constructed 
using limestone, the most commonly used material in 
construction, and bricks, which were used for older min-
arets. Marble columns supported the tops of the mina-
rets, while the balconies’ fences were made from timber 
and stone. The crescents atop minarets were made of 
copper, and the tops of Ottoman minarets were covered 
with lead (Behrens-Abouseif 2010). Figure  2 illustrates 
the geographic distribution of historical minarets in 
Cairo. The Old Cairo district has approximately 115 his-
torical mosques and 41 madrasas with minarets and 21 
separate minarets (Gaballah and Al-Attar 2000). How-
ever, the number of minarets has decreased, with only 
one Ayyubid minaret remaining in Cairo. Earthquakes 
have contributed to this decline, as past earthquakes have 
caused damage and deterioration to many minarets. For 
example, the earthquakes in 1303, 1847, and 1992 caused 

significant damage to several historical monuments, 
including many minarets. The 1992 earthquake, despite 
its moderate size  (Mw = 5.9) and distance from Old Cairo, 
caused considerable damage to more than 200 historical 
monuments, as shown in Fig. 3, with intensities ranging 
from VI to VII on the Modified Mercalli Intensity scale 
(Thenhaus et al. 1993). The earthquake mainly damaged 
several historical minarets, especially those from the 
Mamluk era (Sykora et al. 1993).

This study carefully selected eight minarets of different 
ages, considering different construction methods, archi-
tectural styles, and geometrical designs. These minarets 
are shown in Fig. 4 and include Minaret A from Ahmed 
ibn Tulun mosque (monument no. 220; Tulunid era), 
built in 877 on Jabal Yashker. It is the only surviving min-
aret from the Tulunid era and is unique due to its out-
side staircase and less slender design compared to other 
historical minarets in Cairo. Minarets B and C belong to 
the al-Hakim Mosque (monument no. 15; Fatimid era), 
founded by Caliph al-Aziz in 990. Al-Hakim added the 
two minarets in 1003; their bodies were covered by rec-
tangular stone towers in 1010. After the 1303 earthquake, 
both minarets were decapitated at almost the same level 
(with only a 1.5  m difference), and Baybars al-Jashnkir 
rebuilt the missing parts in 1303 (Behrens-Abouseif 
2010).

Fig. 3 Iso-seismic map for the 1992Cairo earthquake (after Thenhaus et al. 1993)
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Minarets D and E belong to the Sultan Hasan Mosque/
Madrasa (monument no. 133; Bahri Mamluk period). 
The mosque was constructed overlooking Salah al-Din 
Square between 1356 and 1361 by Hasan ibn al-Nasir 
Muhammad. The ground on which the mosque was 
built is rocky and slopes gradually from the citadel to 
the city. Minaret D is the tallest Mamluk-style minaret, 
while Minaret E is the second minaret of the mosque. In 
1915, the Arabic Committee for Restoring Islamic Herit-
age dismantled and reconstructed the upper structure of 
Minaret D. Sykora et al. (1993) documented that the 1992 
Cairo earthquake caused a large vertical crack in Minaret 
D’s shaft from inside, a crack between the minaret base 
and the mosque wall, and cracks in the central column. 
Meanwhile, Minaret E collapsed in 1659, later rebuilt 
by the governor Ibrahim Pasha in 1671. The 1992 Cairo 
earthquake also caused cracks in the central column of 
Minaret E (Sykora et al. 1993).

The twin minarets F and G are a defining feature of the 
al-Mu’ayyad Shaykh mosque (monument no. 190; Burji 
Mamluk period), constructed between 1419 and 1420. 
The minarets are renowned for their graceful slender-
ness and are situated on Bab Zuwayla (monument no. 
199), a tower built by Badr al-Jamali in 1092. The mina-
rets were added to the existing towers of Bab Zuwayla, 
and borehole investigations have revealed that the area is 
composed of rubble fill, which extends up to ten meters 
in depth. The upper portions of both minarets were lost 
in the 1863 earthquake, but they were rebuilt in 1892 
by the Arabic Committee for Restoring Islamic Herit-
age. On the other hand, minaret H belongs to the Yusuf 
Agha al-HinMosque (monument no. 196; Ottoman era), 
constructed in 1625 as a standalone building overlook-
ing Port Said Street. While the mosque follows Mamluk 
architecture, its minaret is of Ottomanstyle. The 1992 
Cairo earthquake caused significant deterioration to the 

minaret, leading to a restoration project by the Supreme 
Council for Antiquities in 1999, which involved assessing 
the degree of incline, repairing cracks in the balcony and 
the minaret’s body, cleaning the stones, and restoring the 
original colour (Supreme Council for Antiquities 1999).

Geology and seismicity
Seismic hazards for historical monuments are affected by 
controlling sources and site conditions. Even if two sites 
are at the same distance from the epicentre, local site con-
ditions can significantly impact ground shaking intensity 
(FEMA 2006; Theilen-Willige 2010).In propagating from 
bedrock to the surface, seismic waves change frequency 
and amplitude due to geology and topography (Bowden 
and Tasi 2017; FEMA 2006).Soil-structure interaction 
can also alter seismic behaviour and damage patterns 
of structures, with soft soil types and hilltops amplify-
ing ground motions and causing significant damage to 
structures (Hacıefendioğlu 2010; Gabr 2017; Casolo et al. 
2017), especially when the frequency content and natural 
frequencies of the structures match (Arnold 2006).

Historical structures in Cairo were often constructed 
on the ruins of earlier structures, with the soil consist-
ing mainly of clay, sand, or rock, depending on the loca-
tion. Clay is found in lowlands, while rocky soil is more 
common near Mokattam Mountain (Rappai and Khairy 
2012). Groundwater level fluctuations are the primary 
cause of soil problems in Cairo, with specific areas, such 
as Port Said Street, having exceptional soil characteristics 
due to filling large canals (Rappai and  Khairy 2012). Cit-
ies built on soft sediments have experienced significant 
earthquake damage due to amplified ground motion, 
such as Cairo, after the 1992 earthquake (El-Sayed et al. 
2001; Hassan et al. 2017; Hassan et al. 2020; Badawy et al. 
2017; Goda et al. 2018). Moreover, most of Cairo’s histor-
ical buildings were not designed to withstand earthquake 

Fig. 4 Recent photos of the selected minarets. A Ibn Tulun minaret, B the northern minaret of al-Hakim Mosque, C the southern minaret 
of al-Hakim mosque, D the southwest minaret of Sultan Hasan mosque, E northeast minaret of Sultan Hasan mosque, F the west minaret 
of al-Mu’ayyad Shaykh mosque, G the east minaret of al-Mu’ayyad Shaykh mosque, and H the minaret of Yusuf Agha al-Hin mosque
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loads, emphasizing the need for a comprehensive under-
standing of the study area’s surface/subsurface geology 
and seismicity.

Cairo is situated on both sides of the Nile River, 
approximately 20  km south of the point where the Nile 
splits into two branches, Rosetta and Damietta. The 
area encompasses the Nile River floodplain and extends 

approximately 12  km from the Mokattam Hills in the 
southeast to the Pyramids plateau in the west.

Cairo’s foundation bed is composed of various geo-
logical formations, as depicted in Fig. 5. The oldest rocks, 
dating back to the Cretaceous period, form the base on 
which the Pyramids of Giza and Abu Roash are situated. 
The Eocene formation primarily comprises limestone 

Fig. 5 Surface geology of Cairo
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outcrops, such as the Mokattam hills in the east and the 
Pyramids plateau in the west. In the area, the Oligocene 
formation consists of two facies: (1) Gebel Ahmer grav-
els and sands and (2) basalt flows. The Miocene outcrops 
in northeastern Cairo are marine sediments containing 
sands with fossils and sandy limestone. Finally, the Plio-
cene marine deposits on the Sphinx ditch’s south side are 
made up of sandy limestone beds and marl.

The surface geology of Cairo has been extensively 
described by various researchers, including Said (1962), 
El-Shazly et  al. (1977), Said (1981), Strougo (1985), and 
Moustafa et al. (1985). The region’s landscape is affected 
by several fault systems, with the Mediterranean trend 
(EW) and the Clysmic trend (NW–SE) being the most 
prominent within the area of interest. These tectonic 
trends consist mainly of faults with steep planes, form-
ing part of the Horst complex and Graben (Shata 1988). 
Minor folding is associated with faulting in Heliopolis’s 
Gebel Mokattam and east areas, while the Syrian Arc 
System folds dominate the Abu Roash area. This system 
comprises folds extending across northern Egypt’s unsta-
ble shelf area (Shata 1988). In addition, Said (1981) indi-
cated that the basin is fault-bounded and was eroded in 
the late Miocene by the Eonile.

Egypt is in a region of moderate seismic activity, with 
earthquakes recorded as far back as 2200 BC (Kebeasy 

1990). The country’s seismic activity is primarily due to 
the relative movements between the African, Arabian, 
and Eurasian plates and intraplate earthquake sources 
(Abou Elenean 2007; Abou Elenean et al. 2009). Figure 6 
shows that seismic activity is concentrated in the north-
ern part of Egypt, where the epicentres of historical and 
instrumental earthquakes are distributed along three 
main trends: the Levantine Aqaba trend, the Northern 
Red Sea-Gulf of Suez Alexandria-Cairo trend, and the 
East Mediterranean Cairo-Fayum trend (Dahy 2010).

Cairo is located in an area susceptible to seismic activ-
ity, particularly in the northern Red Sea and eastern 
Egypt. El-Hadidy (2008) has identified several active seis-
mic zones that may affect Cairo, including Dahshur, the 
Cairo-Suez district sources, the Northern, Middle, and 
Southern Gulf of Suez, the Northern Red Sea, Beni Suef, 
the Cairo-Suez district, North Sinai, and the Mediter-
ranean coastal dislocation zone. The Cairo-Suez district 
is a tectonically unique region in Egypt’s northern part. 
The northern boundary of the African plate is character-
ized by convergence and interaction between the African, 
Arabian, and Eurasian plates, while the east boundary is 
characterized by divergence. These unique features make 
northern Africa more prone to seismic activity than other 
parts.

Fig. 6 Seismicity of instrumental and some of the historical earthquakes of Cairo (Instrumental earthquakes on the map are rated M ≥ 3)
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The seismic history of Egypt has been well docu-
mented by several authors, including Ambraseys (1961), 
Maamoun (1979), Kebeasy (1990), Ambraseys et  al. 
(1995), and Riad et  al. (2004),  Abd El-Aal et  al. (2019). 
Although only a few earthquakes were recorded during 
and after the Islamic period, eight were reported in the 
tenth century. Earthquake numbers dramatically declined 
in the eleventh and twelfth centuries during the Fatimid 
era but increased to ten in the fifteenth and sixteenth 
centuries during the Mamluk era. However, there was 
another dramatic decline in the seventeenth and eight-
eenth centuries during the Ottoman era, followed by the 
highest number of earthquakes (seventeen) recorded in 
the nineteenth century. Many historical earthquakes with 
estimated magnitudes ranging from 5 to 7 have caused 
significant damage in populated areas of Northern Egypt, 
including Cairo, the Nile Delta, El-Fayum, and the Medi-
terranean Sea. For instance, the earthquake in 1303 near 
Fayum severely damaged mosques and minarets in Cairo 
(Maamoun 1979). Then, in 1847, another earthquake 
with an estimated magnitude of 6.8 struck Fayum, kill-
ing about 212 people, injuring 1000 others, and destroy-
ing around 3000 houses and 42 mosques (Kebeasy and 
Maamoun 1981; Ambraseys et al. 1995). Other destruc-
tive earthquakes have also caused extensive damage to 
Cairo, Alexandria, the Nile Delta region, and Ismailia, 
such as earthquakes in 887, 1111, 1698, 1754, 1870, 1955, 
and 1992.

Seismic vulnerability assessment methods
Seismic vulnerability assessment is essential in assess-
ing a structure’s ability to withstand earthquakes. It is a 
diagnostic analysis that aims to evaluate the structure’s 
seismic response and potential levels of damage during 
an earthquake. Slender masonry minarets are particularly 
vulnerable to seismic demands (D’Ambrisi et  al. 2012). 
Minarets are known for their remarkable slenderness and 
limited masonry ductility, resulting in brittle structural 
behaviourssimilar to a vertical cantilever fixed at the base 
(Abruzzese et  al. 2009). In addition, historical masonry 
minarets typically lack adequate seismic resistance 
design (Pineda et  al. 2011; Chisari et  al. 2015). Seismic 

vulnerability studies of slender masonry structures 
gained importance after the collapse of the Civic Tower 
of Pavia in Italy in 1989 (Gentile and Saisi 2007). In Cairo, 
historical minarets are prone to challenging deterioration 
of different magnitudes, leading to partial or total col-
lapse during moderate to significant seismic hazards. As 
such, it is critical to evaluate the seismic vulnerability of 
the Cairene minarets using an urgent practical approach.

The assessment of seismic vulnerability involves vari-
ous approaches that are continuously evolving, and they 
can be broadly categorized into empirical and analytical 
methods. Empirical methods rely on the physical inspec-
tion of the structure and involve using vulnerability indi-
ces. Analytical methods, on the other hand, use ground 
motion simulations to determine the level of physical 
vulnerability of the structure (Calvi et  al. 2006; Vicente 
et al. 2011; Kassem et al. 2020). The choice of the appro-
priate method for evaluating a structure’s seismic vulner-
ability depends on several factors, such as the availability 
and quality of information, the study’s objectives, and the 
structural characteristics of the building. Therefore, it is 
essential to consider these factors carefully to ensure that 
the selected method provides accurate results and imple-
ments effective risk-reduction strategies.

Over the last few decades, several analytical methods 
have been developed to investigate the seismic vulner-
ability of slender masonry structures. These methods 
analyze individual buildings in detail, considering various 
types of uncertainty. However, they are often sensitive to 
the analysis and modelling approaches used and require 
significant time and information that may not be read-
ily available for most historical monuments. As a result, 
many assumptions and generalizations are made to ful-
fill the basic requirements of the analysis(Kassem et  al. 
2020). On the other hand, there have been limited efforts 
to develop relevant empirical assessment tools for his-
torical monument structures. One such tool is the tower-
like masonry structures assessment approach, based 
on the Italian Group of National Defense-II (GNDT II) 
approach by Speranza et  al. (2006), which Sepe et  al. 
(2008) then modified to be more convenient for this spe-
cific structure type. In addition, some parameters, such 

Table 1 Vulnerability parameters, their weights, scores of classes, and  IV method by Shakya et al. (2018)

Parameter Weight ( Wi) Parameter Weight ( Wi)

(P1) Type of resisting system 1.00 (P7) Irregularity in the plan 1.00

(P2) Quality of the resisting system 1.50 (P8) Irregularity of elevation 1.50

(P3) Conventional strength 1.50 (P9) Wall openings 1.00

(P4) Slenderness ratio 1.50 (P10) Flooring and roofing systems 0.50

(P5) Location and soil conditions 0.75 (P11) Fragilities and conservation state 1.00

(P6) Position and interaction 1.50 (P12) Non–structural elements 0.25
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as planimetric layout ratio and maximum span between 
walls, were eliminated, and parameter weights were cali-
brated based on documentary material of the damage to 
similar structures.

In recent years, there have been efforts to develop 
empirical assessment tools for slender masonry struc-
tures, including minarets and chimneys. Shakya et  al. 
(2018) have extended the GNDT II approach to these 
structures by defining parameter classes and weights 
based on literature, expert opinions, and parametric 
analysis results. The GNDT II approach is then combined 
with the Macroseismic method to estimate the damage 
level of the structure at a specific Macroseismic inten-
sity level (EMS-98 scale) using vulnerability index values. 
This method represents a promising approach to evalu-
ating the seismic vulnerability of slender masonry struc-
tures practically and efficiently.

Empirical methods used in seismic vulnerability 
assessment have limitations that stem from various fac-
tors, including personal judgment during the investi-
gation and a lack of data, especially for old structures 
that underwent previous interventions such as main-
tenance, rehabilitation, or rebuilding (Ceroni et  al. 
2009). However, despite their limitations (Kassem et al. 
2020), empirical methods provide a preliminary assess-
ment of the studied structures, identify deficiencies in 

structural and non-structural components, and antici-
pate potential damage levels that may occur during an 
earthquake ata certain intensity. Moreover, these meth-
ods can be applied to structures of any scale, rank them 
based on their seismic vulnerability, and prioritize 
those needing immediate intervention while reducing 
the time and cost required to carry out these methods. 
These reasons, among others, motivated the authors to 
test and apply an empirical method to assess the seis-
mic vulnerability of historical masonry minarets in 
Cairo, primarily since these techniques have not been 
used before for Cairene minarets. In addition, tempo-
rary ambient vibration tests on the minarets of interest 
were performed to enhance the method’s effectiveness 
and provide a database of the dynamic characteristics 
required for future detailed dynamic and seismic risk 
reduction analyses.

This study adopts the empirical method that Shakya 
et al. (2018) developed to evaluate the seismic vulnera-
bility of slender masonry structures. The empirical pro-
cess can be summarized into two main steps. In the first 
step, a vulnerability index ( IV ) is calculated by consider-
ing 12 parameters that influence the structure’s vulner-
ability. The calculation is based on the GNDT II level 
(GNDT-SSN 1994) using a formula shown in Eq.  (1). 
The parameters considered include construction 

Fig. 7 Different levels of present deterioration of minarets’ parts
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materials, slenderness ratio, soil-structure interaction, 
the position of minarets, irregularity in plan and eleva-
tion, openings, fragilities of minarets, and non-struc-
tural elements. Each parameter is assigned a weight 
that indicates its contribution to the damage caused 
to the structure during an earthquake. Table  1 shows 
the weights of the parameters used in this study, which 
range from 0.25 for less critical parameters to 1.5 for 
more critical ones. Each parameter is assigned one of 
four classes (A, B, C, and D), with scores ranging from 0 
to 50. The parameter weights and scores in Shakya et al. 
(2018) were adopted based on pushover analyses and 
finite element numerical models of selected structures, 
considering different scenarios of seismic vulnerabil-
ity. The vulnerability index output value ( 0 ≤ I∗V ≤ 650 ) 
is normalized to a range of ( 0 ≤ IV ≤ 100 ). For more 
information, refer to Shakya et al. (2018).

where I∗V vulnerability index before the normalization, iv 
is the score of the parameter’s class, Wi is the parameter 
weight.

The second step involves the calculation of the dam-
age probability matrix (DPM), which provides the prob-
ability of a particular damage level that a structure may 
experience when exposed to an earthquake of a given 

(1)I∗V =

12

i=1

ivWi

intensity (Whitman et al. 1973). The DPM provides def-
initions of mean damage grades (µD) by an earthquake 
with a certain intensity in terms of vulnerability curves 
that give the probability of damage grades as a function 
of each level of an intensity scale. Vulnerability curves 
for masonry minarets under investigation are essen-
tially based on the original approach of the GNDT II 
level (GNDT-SSN 1994), with few significant modifica-
tions of slender masonry structures carried by Shakya 
et al. (2018) and its correspondence on the macro-seis-
mic scale. The correlation of the mean damage grade 
and seismic intensity (I) can be achieved using the con-
ventional vulnerability index (V) by Eqs. (2) and (3).

where µD is the mean damage grade, I is the macroseis-
mic intensity, Q is a ductility factor, V is the conventional 
vulnerability index, and IV is the value vulnerability index 
resulting from Eq. (1).

Results
A detailed inspection of each minaret is achieved to 
notice its present condition. Some minarets’ parts 
have different levels of deterioration,as shown in Fig.  7. 

(2)µD = 2.5

[

1+ tanh
I+ 3.4375V − 8.9125

Q

]

(3)V = 0.46+ 0.0056Iv

Fig. 8 The contribution of each vulnerability parameter to the final IV values of minarets in the study
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Figure  7(a1) and (a2) show the uppermost part of the 
Ibn Tulun minaret. Figures 7(b1) and (b2) show the body 
and the upper part of the northern minaret of al-Hakim 
Mosque. Figure 7(c1) shows the part beneath the octag-
onal section and Mabkarah of the southern minaret of 
al-Hakim Mosque, while Figure (d1) and (d2) shows the 
staircase and interior surface of the second floor of the 
southwest minaret of Sultan Hasan Mosque. Figure 7(e1) 
shows the wooden tie at the northeast minaret of Sultan 
Hasan Mosque, and Fig. 7(f1) shows the chipped tiles of 
the west minaret of al-Mu’ayyad Shaykh mosque. Fig-
ures 7(h1) and (h2) show the shaft of Yusuf agha al-Hin 
minaret. Table  2 shows the features and details of the 
examined minarets.

The IV are calculated according to the state of each vul-
nerability parameter. The contribution of each param-
eter to the final IV values of minarets are shown in Fig. 8. 
Based onthese values, shown in Table  1, vulnerability 
curves are drawn in Fig.  9 for each minaret. In these 
curves, the conventional vulnerability indexes of the 
minarets are interpreted in terms of mean damage grades 
for seismic events with varying intensity on the EMS-98 
scale. In addition, as illustrated in Fig. 10, these different 
mean damage grades can be interpreted in terms of the 
expected damage levels of structural and non-structural 
minarets’ elements due to events with different seismic 
intensity levels.

The dynamic characteristics of each minaret were 
assessed using a non-parametric approach known as 

Fig. 9 Vulnerability curves of the minarets
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the Peak-picking method, a sub-method of AVTs, which 
directly determines the natural frequencies of structures 
at each peak of the power spectral density (PSD) graphs 
(Bindi et  al. 2015; Serhatoğlu and Livaoğlu 2019). AVTs 
were conducted at various heights on the selected min-
arets, as specified in Table 3 and Fig. 11. Extracting the 
dynamic characteristics from the AVT data recorded 
at each station for every minaret, any variations in the 
obtained values were deemed significant for structure 
health monitoring analysis. Employing the McSEIS-MT 

NEO station (model 1134), an accelerometer sensor from 
OYO Corporation, shown in Fig.  12, was the adopted 
data logger for AVTs in this study. Each minaret was 
equipped with 3 or 4 sensors, thoughtfully balanced and 
oriented northward at different heights along the body of 
the minaret. The sensors were sequentially named from 
the base to the top of the minaret. Starting at the base, 
we have Sensor 1, then Sensor 2 positioned above it, pro-
gressively ascending towards the top.

The twin minarets (F and G) were equipped with sen-
sors positioned at the same elevation and direction, 
configured to record ambient vibrations for one to two 
hours, utilizing a 100  Hz sampling rate across three 
channels (EW, NS, and UD), and synchronized through 
attached GPS antennas. EW is the east–west direc-
tion, NS is the north–south direction, and UD is the 
up-down direction. Post-processing using Geopsy (ver-
sion 3.4.2 available at http:// www. geopsy. org) involved 
baseline correction and a fourth- or sixth-order But-
terworth-Bandpass filter to optimize the data within 
a suitable frequency range. An exemplary illustration 
in Fig.  13 showscases of the filtered ambient vibration 
recorded at the base of Minaret F (al-Mu’ayyad Shaykh 
mosque), which remarkably required no additional 
post-processing for baseline correction, showcasing 
the study’s dedication to precise and accurate results. 
Figure  13 shows that the amplitude of the horizontal 
components (EW and NS) is higher than the vertical 
component (UD), as expected due to the natural modes 
of the minaret. The obtained healthy signal without 
unwanted signals does not need extra post-processing 
steps.

Figure 14 displays the power spectrum density of all 
four sensors, capturing data in both the EW and NS 
directions for Minarets D and E. From the analysis of 
Minaret D, the fundamental (first mode) frequency 
was found to be 0.76 Hz, whereas for Minaret E, it was 
determined to be 1.8 Hz. Extending this analysis to the 

Fig. 10 The interpretation of (µD) with different seismic intensity 
(EMS-98) levels regarding the expected damage levels

Table 3 Metadata for ambient noise measurements

Minaret Measurement date Number of 
sensors

Start time End time Duration (min) Number of 
samples

A April 5, 2021 4 13:00 15:00 120 720,000

B April 8, 2021 3 14:45 16:40 106 636,000

C 3 12:30 14:08 98 588,000

D April 9, 2021 4 12:03 13:56 113 678,000

E 4 15:00 16:00 60 360,000

F&G March 30, 2021 4 12:31 13:38 66 400,096

F 4 15:50 16:44 54 324,000

G 4 14:00 15:00 60 360,000

H April 7, 2021 4 14:00 16:00 120 720,000

http://www.geopsy.org
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Fig. 11 Location of sensors (as stars) in various minarets

Fig. 12 McSEIS-MT NEO station with model 1134 from OYO corporation
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Fig. 13 Ambient noise time series at the base of Minaret F (al-Mu’ayyad Shaykh mosque)

Fig. 14 Power spectrum densityof allfour sensors a minaret D in NS direction, b minaret D in EW direction, c minaret E in NS direction, and d 
minaret E in EW direction
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remaining minarets, the fundamental and second mode 
frequencies of all minarets are summarized in Table 4. 
Also, the calculated vulnerability index for the minarets 
is summarized in Table 3.

In developing an empirical equation for estimating the 
fundamental period of masonry minarets, a compre-
hensive database from literature was compiled, encom-
passing geometrical and dynamic characteristics of 52 
minarets (e.g., El-Attar et  al. 2001, 2005; Doğangün 
et  al. 2008; Zaki et  al. 2008; Cosgun and Turk 2012; 
Oliveira et al. 2012; Amir et al. 2014; Hassan et al. 2023; 
Serhatoğlu and Livaoğlu 2019; Nohutcu 2019). The data-
base included essential parameters such as height, base 
dimensions, material properties, and dynamic response 
data. It is worth noting that Shakya et al. (2014) proposed 
an empirical equation that estimates the fundamental 
period of slender structures, as shown in Eq. (4):

where T  is the fundamental period, and H is the struc-
ture’s height. The relation between the fundamental 
period and height of structures from the collected 52 
structures from literature and minarets in this study, 
along with Eq. (4), is plotted in Fig. 15. The results show 
that Eq. (4) could not reasonably match the fundamental 
period of very short and tall minarets. Therefore, there 
was a need to propose a new empirical equation that fits 
the measurements collected in the selected minarets in 
this study, which then can be applied to most minarets 
in Old Cairo. The proposed equation was created on the 
following basis function following various seismic design 
codes that correlate the fundamental period of the struc-
ture with its height as follows:

where, α and β are constants depending on the struc-
tural lateral load-resisting system of the structures. The 

(4)T = 0.1178H0.533

(5)T = αHβ

measurements of this study were utilized to estimate the 
constants that best fit the measured fundamental periods 
of the minarets. The proposed equation is as follows:

The proposed equation fits the measured fundamental 
periods, as shown in Fig. 15.

Conclusions and recommenations
Indirect damage to other elements of the mosque, 
Madrasas or surrounding buildings is another concern. 
Minarets are typically located near mosques, and their 
failure can cause structural damage to the main prayer 
hall, domes, walls, and other architectural components, 
which can lead to further collapse or instability of the 
affected buildings, posing risks to the safety of individu-
als inside and around the mosque.The potential loss of 
life resulting from minaret failure is a significant con-
cern, particularly during prayer times when mosques are 
densely populated. Moreover, mosques are sometimes 
used as shelters during crises or disasters, and the failure 
of a minaret can endanger the lives of people seeking ref-
uge and assistance.

The recent study examined the seismic vulnerability 
assessment of eight masonry minarets in the historic 
Old Cairo district. The examination revealed vulner-
ability index values from 10.3 to 26.1, signalling a dis-
concerting susceptibility to seismic events among these 
structures. Also, the vulnerability curves were con-
structed for each minaret, visually representing poten-
tial damage scenarios across a spectrum of EMS-98 
intensity scale levels. These outcomes are significant as 
they facilitate prioritizing interventions to safeguard 
the most imperilled minarets.

(6)T = 0.08H0.64

Table 4 The first and second frequencies and the IV value for all 
minarets

Minaret Frequency (Hz) IV %

First mode Second mode

A 1.48 3.45 11.5

B 1.47 1.80 26.1

C 1.41 1.95

D 0.76 2.61 21.4

E 1.80 2.96 19.6

F 1.22 3.12 10.3

G 1.22 3.10

H 2.51 4.56 14.4

Fig. 15 Measured and calculated the fundamental period 
of structures
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Despite the persistent uncertainties accompanying 
empirical methods, the study unveils the spectre of dam-
age wrought by earthquakes of varying intensities on 
minarets. The study recommends refining the adopted 
methodology by selectively excluding parameters incon-
gruous with the structural attributes of the selected 
minarets, such as the flooring and roof system (P10), and 
instead, accentuating factors like the soil-structure inter-
action (SSI). In parallel, reconsidering the weightings 
assigned to various parameters is advocated, notably the 
parameter of location and soil condition (P5). The need 
for parametric studies exploring the intricacies of SSI is 
recommended to discern the true impact of the site and 
soil conditions on vulnerability,

In light of the region’s susceptibility to seismic activ-
ity, historical minarets remain perched on the precipice 
of earthquake-induced peril. Our strategic placement 
of sensors at multiple elevations along each minaret has 
yielded invaluable insights into their behaviour under 
the influence of seismic forces. This initiative enabled 
extract their natural frequencies, a pivotal determinant 
in comprehending their response to seismic ground shak-
ing. The recorded vibration data were analyzed using the 
peak-picking method, unveiling the dominant frequen-
cies of the minarets.

As a significant contribution, a novel empirical period 
equation wasintroduced to estimate the fundamental 
period of minarets in Old Cairo to their heights. The 
empirical equation was validated against the field meas-
urements and data from the literature. The recent study 
is constrained by its focus on a specific category of mina-
rets, specifically the historical masonry minarets in Old 
Cairo. Moreover, it encounters limitations due to the 
requirement of detailed finite element models for these 
minarets to capture their dynamic responses accurately. 
Therefore, research work is ongoing, with the develop-
ment of detailed finite element models of the selected 
minarets and the calibration of fundamental periods 
underway. The anticipated results hold the potential to 
enrich our understanding of historical minarets’ struc-
tural dynamics, ultimately guiding the formulation of 
tailored seismic retrofitting and preservation strategies. 
These strategies, aimed at preserving these cherished 
cultural heritage assets, stand as our collective commit-
ment to ensure that these timeless landmarks endure for 
generations.

Future work and development could be extended to 
cover a wide range and database of historical minarets in 
Old Cairo. In addition, a potential area of improvement 
involves revising the vulnerability parameters used in 
estimating the vulnerability index. The revision should 
align the parameters with the specific conditions and 

characteristics of Cairo’s historical minaret structures. 
By tailoring these parameters to the unique attributes of 
the minarets, a more accurate assessment of their vulner-
ability can be achieved. Moreover, future work should 
comprehensively investigate the dynamic response of 
minarets considering soil-structure interaction (SSI). 
Such research would enable a better understanding and 
assessment of the vulnerability of historical minarets.
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