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Abstract
Observations made on the response of historical masonry towers during past earthquakes 
indicate that in addition to the intensity of the ground shaking, the frequency content of 
shaking also affects the seismic performance of these monuments. To evaluate this phe-
nomenon, the influence of the mean period of the ground motion (Tm), as a frequency con-
tent indicator, on the seismic behavior of the towers is assessed. To this end, first, the vul-
nerability of four towers with different aspect ratios and vibration periods (Ts) are evaluated 
by means of the Incremental Dynamic Analysis (IDA). For this purpose, 37 ground motion 
records, corresponding to the stations located in sites with different types of soil, are uti-
lized. The nonlinear time history analyzes of the towers are carried out using the OPEN-
SEES software by means of an Equivalent Beam Element with fiber sections. In order 
to investigate the effects of the frequency content of the ground motion on the seismic 
response of the towers, for every tower, the variation of the PGA of the ground motion and 
the induced internal force in the tower at the point of failure are plotted against the period 
ratio (Tm/Ts). According to the analysis results, it is found that the failure PGA increases as 
the period ratio becomes smaller. It is also noted that the induced shear in the tower exhib-
its a similar trend.
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1  Introduction

Slender masonry structures, such as fortress towers, clock towers, the bell towers of 
churches, the minarets of mosques, etc. are found throughout the world. Many of these 
structures are historical monuments of great cultural value. A majority of these monuments 
have not been designed to withstand seismic loads. In addition, deterioration of their mate-
rials and components over time under adverse environmental conditions may have resulted 
in development of cracks and weakened their load bearing elements.

In order to determine the dynamic characteristics of existing masonry towers and to 
investigate their performance under different types of loading, especially the ground motion 
excitation in an earthquake, extensive case studies have been conducted on real historical 
towers (D’Ambrisi et al. 2012; Saisi et al. 2015; Bartoli et al. 2017a, b; García-Macías and 
Ubertini 2019; Invernizzi et al. 2019; Micelli and Cascardi 2020). In this regard, usually a 
combination of material tests (less destructive or non-destructive), in situ non-destructive 
structural tests such as ambient vibration test, and Finite Element (FE) analysis are carried 
out. Accordingly, structural characteristics of the towers; including the material properties 
of different parts of the towers, the real boundary conditions and dynamic characteristics of 
the towers, including the natural vibration frequencies and the corresponding mode shapes 
are identified. In a number of studies, nonlinear time history analysis of towers have been 
carried out through detailed FE models to obtain an insight about the seismic performance 
of the towers. Some studies have also been conducted on the health monitoring of existing 
masonry towers (Anzani et  al. 2010; Cavalagli et  al. 2017); other studies have assessed 
damage to these monuments during earthquakes (Saisi et  al. 2015). In a report, Romaro 
(2011), presented the failure modes of some historical towers in past earthquakes. Shaking 
table test along with nonlinear FE analysis were carried out to evaluate the seismic perfor-
mance of typical historical towers in China (Xie et al. 2020).

Numerical studies have been conducted to assess the seismic vulnerability of existing 
masonry towers (Casolo et al. 2013; Preciado 2015; Castellazzi et al. 2018; Torelli et al. 
2020). Valente and Milani (2016b) investigated the seismic performance of some historical 
towers in Italy through nonlinear time history analysis using the FE software ABAQUS. 
Simplified simulation techniques have also been proposed for the time history analysis 
of slender masonry structures. For instance, Peña et  al. (2010) used a three-dimensional 
beam model for the simulation of the Qutb Minar Tower in India. The flexibility of the soil 
beneath the foundation and the soil-structure interaction, which can significantly affect the 
dynamic response of the towers as well as the distribution of damage along their heights, 
were simulated in a number of numerical studies (Casolo et al. 2017; de Silva et al. 2018; 
Silva 2020).

In order to evaluate the seismic vulnerability of masonry towers, different methodolo-
gies have been used (Valente and Milani 2016a, b; Facchini et  al. 2017; Sarhosis et  al. 
2018). For instance, in a number of studies, the nonlinear static analysis method was uti-
lized to evaluate the seismic performance of the towers (Pintucchi and Zani 2014; Bocciar-
elli and Barbieri 2017) Recently, Incremental Dynamic Analysis (IDA) method has been 
used for the vulnerability assessment of existing structures. This analysis technique was 
used by Marra et al. (2017) to assess the seismic performance of historical masonry tow-
ers. A simplified rigid block and spring model was used to simulate the towers in the IDA 
procedure.

Due to the special shape of historical towers, their dynamic characteristics, particu-
larly their fundamental vibration frequency, play crucial roles in their performance under 
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dynamic loads such as wind or earthquakes. Several empirical, semi-analytical and analyti-
cal formulations have been developed to estimate the fundamental vibration frequency of 
towers (Shakya et  al. 2016; Bartoli et  al. 2017a, b; Diaferio et  al. 2018; Najafgholipour 
et al. 2019). Some of these relations have been employed in codes and standards for practi-
cal response evaluation and design.

Observations made after numerous past earthquakes, show that these slender struc-
tures have a somewhat different and unexpected behavior compared to other structures. 
For instance, it has been noted that in regions where low-rise buildings suffered exten-
sive damage, the slender masonry towers experienced minor damage. Conversely, in some 
low or moderate intensity earthquakes, while other buildings experienced only minor dam-
age, the towers suffered more and some collapsed. The former case was observed in 2016 
Italy earthquake in which the clock tower of Amatrice was still standing with relatively 
minor damage, whereas, the surrounding buildings suffered extensive damage (see Fig. 1). 
Maheri (2004) also investigated the behavior of masonry towers in Iran during past earth-
quakes and reached similar conclusions.

This, somewhat unique, performance of masonry towers during earthquakes confirms 
that in addition to the magnitude of the earthquake, the characteristics of ground motion 
including its frequency content and duration, affect dynamic response of these monuments. 
In other words, a tower with specific material and geometrical properties may exhibit dif-
ferent performances (may collapse or remain undamaged) under different ground shakings 
with a similar intensity. However, in a common design or performance assessment of these 
structures, this phenomenon cannot be identified in static or regular dynamic analysis of 
the structures.

The influence of the frequency content of ground motion on the dynamic response 
of structures and building frames has been investigated in a number of studies (Kumar 
et al. 2011; Hickey and Broderick 2019). However, only a limited number of studies have 
addressed this issue for masonry towers (Casolo et al. 2017). In this study, the effects of the 
frequency content of ground motions on the nonlinear time history response of masonry 
towers have been investigated. For this purpose, four towers with different fundamental 
vibration periods (Ts), which were primarily designed to withstand wind load, are analyzed 
using 37 ground shaking records. The ground motions belong to the stations located in 
sites with two types of soil. The mean periods (Tm) of the records, as the common fre-
quency content indicator for ground motions, are determined. In order to find the induced 

Fig. 1   The Amartice bell tower 
was still standing after 2016 Italy 
earthquake



2922	 Bulletin of Earthquake Engineering (2021) 19:2919–2940

1 3

base shear in the towers and the peak ground acceleration (PGA) corresponding to the fail-
ure of the towers, Incremental Dynamic Analysis (IDA) is utilized. Finally, the influence of 
the ratio of the mean period of the ground motions to the fundamental period of vibration 
of the towers (Tm/Ts) on the PGA of ground motion and the induced shear in the tower at 
the stage of failure are evaluated. In this way, the effects of two major influential variables, 
including the frequency content and PGA of ground motion are evaluated simultaneously. 
In addition, the dominant parameter in the performance of towers is found.

2 � The selected towers

Four prismatic towers with square box sections and identical material properties were 
considered for numerical investigation. The cross sectional dimensions of the towers were 
selected to range between 6.25 and 8.5  m. However, a constant thickness of 1.5  m was 
considered for the walls of all towers. The towers had different heights, leading to different 
aspect ratios with vibration periods. The geometrical properties of the towers are listed in 
Table 1. It should be noted that the towers were primarily designed for wind loads, based 
on the Iranian Building Code (2013). The assumed properties for the masonry material, 
including the mass density, tensile strength, compressive strength and elastic modulus 
were adopted from a case study reported previously by Valente and Milani (2016a, b) (see 
Table 2). The stress–strain curves of the masonry in tension and compression are also illus-
trated in Fig. 2.

3 � Modeling the towers

Detailed numerical modeling and seismic analysis of historical masonry towers, by using 
their actual geometry and material properties require a relatively high computational effort. 
Therefore, alternative modeling strategies, in which the global behavior of the towers takes 
prime position, are preferred to save time and computational cost. As a brief review on the 
seismic analysis of the masonry towers, it can be stated that in some studies the simplified 

Table 1   Geometrical details of 
the selected towers

Tower Height H (m) Section width
L (m)

Wall thickness
t (m)

Tower 1 20 6.25 1.5
Tower 2 30 7.00 1.5
Tower 3 40 7.75 1.5
Tower 4 50 8.50 1.5

Table 2   Material properties of 
the selected towers

Mechanical property Value

Elastic modulus (MPa) 800
Compressive strength (MPa) 2.41
Tensile strength (MPa) 0.04
Mass density (kg/m3) 2000
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‘discrete element model’ is used for simulation of masonry towers (Marra et al. 2017). This 
model, which is also called; the ‘rigid body and spring model’, consists of rigid blocks 
and nonlinear springs for simulating the nonlinear behavior of masonry material. Other 
methods; such as the ‘three-dimensional beam model’ and ‘in-plane rigid model’ (rigid 
elements and springs) were also used by Peña et al. (2010) to simulate nonlinear dynamic 
behavior of the Qutb Minar tower.

In order to perform a large number of nonlinear time history analyzes using the IDA 
procedure, a reasonably accurate, yet simple model is required. For this purpose, in the 
present paper, by considering the three-dimensional beam model proposed by Peña et al. 
(2010), an equivalent beam element with fiber section, already implemented in OPEN-
SEES software, is utilized. The details of the model and its numerical validation are 
described in the following sections.

3.1 � Introducing the equivalent beam element with fiber section

The fiber beam model is a reliable element which consists of a number of finite fibers in 
each cross section. This model is based on the assumption of linear geometry, which is 
accepted and widely used due to its simplicity and accuracy in modeling nonlinear behav-
ior of structural elements. By this assumption, the cross sections are not distorted and plane 
sections remain plane and normal to the longitudinal axis. In this model, only the uniaxial 
constitutive behavior of the material along the axis of the element is required.

In the present paper, to model masonry towers, the fiber beam model was utilized; see 
Fig. 3. In this way, the towers with variable cross sections along their heights, as well, as 
those with layered walls, can be simulated. Due to more or less flexural behavior of slender 
masonry towers, having a large height (H) to depth (L) ratio, where the shear deformations 
are negligible, using this simplified model is reasonable.

3.2 � Validation of the equivalent beam element for simulation of masonry towers

In cantilever structural elements, such as structural walls having aspect ratios greater than 
2.0, it is reported that, in both the elastic and inelastic ranges, flexural behavior is dominant 
(Najafgholipour et al. 2014; Maheri et al. 2019). The aspect ratios of towers investigated 
in this study are greater than 3.0. Therefore, the towers are expected to respond primar-
ily in flexure, hence using the simple equivalent beam element, which does not consider 

Fig. 2   The stress–strain curves of masonry in tension and compression (Valente and Milani 2016a, b)
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shear deformations, is justified. To verify this point and the validity of the equivalent beam 
element in modeling the seismic behavior of masonry towers with an acceptable level of 
accuracy, two sets of validation were conducted, including: (1) evaluating the fundamental 
periods of the set of four towers listed in Table 1 and (2) evaluating the main natural fre-
quencies and the nonlinear pushover response of the Qutb Minar in India.

3.2.1 � Fundamental periods of vibration

The vibration periods of the towers listed in Table 1, were determined using three differ-
ent methods of: (1) the equivalent beam element with fiber sections presented in Sect. 3.1, 
(2) the empirical formulation proposed by Bartoli et al. (2017a, b) and (3) the numerical 
simulation of towers with 3D solid elements in the ABAQUS finite element software. The 
results of these free vibration analyses on towers are compared in Table 3.

Fig. 3   Modeling the masonry towers using the Equivalent Beam Element with fiber section

Table 3   Fundamental periods of 
vibration of the selected towers

Tower Equivalent beam 
element

Bartoli et al. 
(2017a, b)

3D FE 
simula-
tion

Tower 1 0.56 0.65 0.6
Tower 2 1.10 1.25 1.14
Tower 3 1.72 1.96 1.76
Tower 4 2.44 2.74 2.42
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Table 3 shows that the differences between the fundamental periods of vibration of the 
towers determined using the 3D FE simulation and the idealized equivalent beam model 
are between 1 and 7%, which are not considerable for masonry towers. Since the masses 
of the structures in both models are the same, the differences in periods are related to the 
stiffness of the towers. It should be noted that, since an equivalent beam model is some-
what stiffer in flexure compared to the 3D FE model, the differences in towers’ stiffness 
when using the FE simulation and the idealized equivalent beam model are only partially 
due to the effects of shear deformations. Consequently, although shear deformations are 
not considered in the idealized equivalent beam models, this omission does not appear to 
significantly affect the dynamic characteristics of towers. Furthermore, some of the tow-
ers were analyzed under a number of ground shakings with a range of mean periods. The 
analyses results indicated that the dominant mode of failure in these models were indeed 
flexural. On the other hand, the differences between results of the empirical formulation 
proposed by Bartoli et al. (2017a, b) and those obtained from the two numerical studies are 
noticeable (see Table 3).

3.2.2 � Qutb Minar tower

The Qutb Minar tower is about 70 m high and has a complex texture and a relatively com-
plex geometry. The circular cross section of the tower is composed of several layers with 
different material properties varying along the height of the structure. A vertical section 
of this tower is illustrated in Fig. 4. This monument has been the subject of experimental 
and numerical studies conducted by Peña et al. (2010), in which its material properties and 
dynamic characteristics were determined. They used not only a 3D, FE model to analyze 

Fig. 4   The geometrical details 
of the Qutb Minar Tower (Peña 
et al. 2010)
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this monument, but also examined other simplified models such as the three-dimensional 
beam model for nonlinear analysis of the tower. The material properties of different parts 
of the tower, in height and thickness, are listed in Table 4.

As it was stated, in this study simulation of the towers, including the Qutb Minar, was 
carried out by means of the Equivalent Beam Element with fiber section in OpenSEES 
software. To define the uniaxial stress–strain behavior of the masonry material in tension 
and compression, as an appropriate model for brittle and semi-brittle materials, the Con-
crete02 constitutive model from the OpenSEES material library was selected; see Fig. 5. 
The beam model used for simulating the Qutb Minar was in accordance with the geometri-
cal and material specifications which had been determined by Pena et al. (2010). It should 
be noted that all the towers were assumed to be fixed base in this study.

Two types of analyzes were conducted on the tower. First, through a frequency analy-
sis, the vibration frequencies of the structure were determined by means of the equiva-
lent beam element. The results obtained from the idealized model and those determined 

Table 4   Material properties of the Qutb Minar Tower (Mendes 2006)

Density (kg/m3) Modulus of 
elasticity 
(GPa)

Poisson ratio Comres-
sive strength 
(MPa)

Tensile 
strength 
(MPa)

Shaft infill 1–3 1800 2.0 0.2 2.0 0.05
Shaft infill 4–5 1800 0.6 0.2 0.6 0.05
Shaft veneer 2600 5.21 0.2 5.2 0.05
Stairs 2000 3.69 0.2 – –
Inner veneer Layer 1–3 2600 5.21 0.2 5.2 0.05
Inner veneer Layer 4–5 2300 2.5 0.2 2.5 0.05
Rubble Infill Layer 1–3 1800 2.0 0.2 2.0 0.05
Rubble infill Layer 4–5 1800 0.6 0.2 0.6 0.05
Outer veneer Layer 1–3 2300 2.5 0.2 2.5 0.05
Outer veneer Layer 4–5 2600 3.0 0.2 3.0 0.05

Fig. 5   The Concrete02 material 
model in OPENSEES
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from the ambient vibration test, as well as the three-dimensional beam model by Peña et al. 
(2010) are compared in Table  5. Due to symmetry of the structure, each mode number 
in the Table 5 stands for a couple of lateral vibration modes along two orthogonal direc-
tions. It can be seen that differences in results obtained from the idealized model and those 
reported by Peña et al. (2010), especially in lower frequencies, are small; therefore it can 
be concluded that the equivalent beam element can simulate the dynamic behavior of the 
tower with reasonable accuracy.

Second, the equivalent beam element was also utilized to conduct a nonlinear pushover 
analysis on the Qutb Minar. For this purpose, it was assumed that the lateral load distribu-
tion along the height of the tower is uniform. Comparison of the nonlinear load–displace-
ment curves obtained from this study and that reported by Peña et  al. (2010), analyzed 
using the three-dimensional beam model (see Fig. 6), confirms the ability of the idealized 
beam model in OPENSEES in modeling the nonlinear behavior of the tower.

4 � Incremental dynamic analysis (IDA) of the masonry towers

Many researchers have dedicated a great deal of time and effort to develop procedures for 
assessing the seismic performance of different types of structures. In this regard, a vari-
ety of analysis methods and analytical models have been proposed. Although nonlinear 
static analysis is widely used in different studies and even for practical assessment projects, 

Table 5   The vibration frequencies of the Qutb Minar (Hz)

Mode number Equivalent beam element 
(this study)

Experimental results (Peña 
et al. 2010)

Three dimensional beam 
model (Peña et al. 2010)

1 0.70 0.79 0.73
2 2.25 1.96 2.26
3 4.47 3.85 4.13

Fig. 6   The nonlinear load–dis-
placement curves of the Qutb 
Minar tower
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it does not consider the dynamic response of the structures to ground motion directly. 
The nonlinear dynamic analysis has been utilized for a realistic performance assessment 
of structures affected by seismic loads. In traditional dynamic analysis, the response of a 
structure is evaluated under a limited number of ground motions, while it is probable that 
the performance of a structure depends on the selected ground motion.

On this basis, the Incremental Dynamic Analysis (IDA) was introduced (Vamvatsikos 
and Cornell 2002). The IDA is a method of analysis in which the structure is subjected to 
one or more ground motion records, each with several intensity levels. The results of IDA 
for a specific structure are presented with a graph. Accordingly, the vertical axis of the 
graph is the intensity level, such as Peak Ground Acceleration (PGA) or Spectral Accelera-
tion and its horizontal axis denotes the response of the structure, such as Maximum Roof 
Displacement. Different criteria are defined in literature as the failure point of IDA curves. 
For instance, in FEMA 350 (2000), the last point on each curve with a slope equal to 20% 
of the elastic slope (initial slope) is defined as the capacity point. This approach is utilized 
in this study to define the failure point of the IDA curves.

4.1 � Selection of the ground motion records

The frequency content of the ground motion records measured in different sites depends 
on a number of parameters, including; the seismic source characteristics, the distance 
of the seismic source to the site and the soil type, as well as its profile in depth. There-
fore, it is important to have information about the soil characteristics in a station that the 
ground motion is recorded. Different codes for seismic design of structures classify the 
soils according to the shear wave velocity within a specific depth of the soil profile. For 
instance, in ASCE 7-16 the site soil is classified in six categories based on the shear wave 
velocity in the 30 m depth of the soil profile (Vs30) (see Table 6). The higher the shear wave 
velocity, the stiffer the soil.

In this study, to investigate the dynamic response of masonry towers subjected to ground 
motion records with a wide range of frequency contents, 37 ground accelerations, meas-
ured in the stations on both stiff and soft soils, were selected from the Pacific Earthquake 
Engineering Research (PEER) database. Details of the selected acceleration records, which 
correspond to the sites with Vs30 more than 760 m/s (Rock and Hard Rock) and less than 
180 m/s (Soft Soil), are listed in Tables 7 and 8, respectively.

In order to perform an IDA on masonry towers, first, the ground motion records, hav-
ing a variety of PGAs, were normalized to the PGA of 1.0 g. The response spectrum of the 
normalized ground motions are plotted in Fig. 7. Then, the intensity (PGA) of each record 
was divided into equal steps of 0.05 g. Therefore, the initial PGA of each record was 0.05 g 
and it was increased with an incremental rate of 0.05 g in every step until it reached the 

Table 6   Classification of soil 
according to ASCE 7–16 (2016)

Site class VS30

A. Hard rock > 1500 m/s
B. Rock 760 to 1500 m/s
C. Very dense soil and soft rock 360 to 760 m/s
D. Stiff soil 180 to 360 m/s
E. Soft clay soil < 180 m/s
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final intensity (PGA) corresponding to the failure of the tower. Finally, a series of nonlinear 
dynamic analyses were performed using each ground motion with different PGAs and the 
maximum lateral displacement at the top of the tower, corresponding to each time history 
analysis, was determined.

4.2 � Simulation and analysis of the towers

The masonry towers introduced in Sect. 2 were also simulated using the Equivalent Beam 
Element with fiber section in OPENSEES software. Similar to that described in the veri-
fication section, the Concrete02 material model was utilized for modeling the stress–strain 
behavior of masonry fibers in tension and compression. The values of the material proper-
ties were adopted from those reported in a numerical study by Valente and Milani (2016a, 
b) on eight historical towers in Italy (see Table 2).

4.3 � The results

Results of the IDA on four towers with different aspect ratios subjected to different earth-
quake records are presented in Fig. 8. In diagrams of Fig. 8, the vertical and horizontal 
axes are the PGA of the ground motion and the normalized maximum lateral displacement 
at the top of the tower (maximum top displacement/height of the tower (δ/H)), respectively. 
The first point to note from the IDA results of Fig. 8 is that the response of towers to dif-
ferent ground accelerations shows a wide dispersion. This scattering not only exists in the 
intensity of the ground motion causing the failure of the towers (failure PGA), but also it is 
evident in the slope of the curves. For instance, in the case of 20 m high tower, the PGAs 
of the earthquake records causing failure of the tower range from 0.23 g to more than 1.2 g. 
For the 50 m high tower, the range is even wider; from 0.07 g to around 3.0 g. This means 
that, for example, the 50 m high tower may be destroyed in a certain ‘weak’ earthquake 
with a PGA = 0.07, but it can survive other ‘very severe’ earthquake with PGAs higher 
than 1.0 g.

In order to better visualize the distribution of failure PGAs, the results are presented by 
means of histograms as plotted in Fig. 9. It can be seen that the majority of earthquakes 
causing failure of these towers have PGAs in the range of 0.2 g to 0.6 g. However, in a 
number of cases, the towers can survive severe earthquakes with higher PGAs. Moreover, 

Fig. 7   The response spectrum of the ground motions. a Rock soil, b soft soil
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in some cases the towers collapsed in a slight ground shaking. For instance, the failure 
PGA of 0.35 g is the most common for the 50 m high tower. However, as it was stated, this 
tower fails under a particular ground motion with PGA of 0.07 g, but under ground shak-
ings having other frequency contents it could survive much more severe earthquakes with 
PGA of more than 1.0 g. This phenomenon may justify the survival of some historical tow-
ers in past destructive earthquakes.

The mean failure PGA (average of all earthquake records) of the 20 m, 30 m, 40 m and 
50 m tall towers are evaluated as 0.45 g, 0.51 g, 0.54 g and 0.63 g, respectively. These val-
ues indicate that the mean failure PGA increases as the tower becomes more slender with 
higher vibration period.

In contrast to the framed buildings, in the slender masonry towers, there are usually lit-
tle irregularities in plan and elevation and they do not have a high degree of redundancy. 
Therefore, it is expected that these towers to primarily act as a Single Degree of Free-
dom (SDOF) system. Therefore, the fundamental mode of vibration and the corresponding 
period control the seismic behavior of these monuments.

Based on the above discussion related to the dynamic behavior of towers and struc-
tural characteristics of these structures, it is inferred that in addition to the intensity of 
the ground shaking, other factors such as the frequency content of the ground motion may 
affect the seismic performance of the towers. Further discussions regarding this phenom-
enon are provided in the subsequent sections.

Fig. 8   The Incremental Dynamic Analysis diagrams of the investigated masonry towers with height of a 
20 m, b 30 m, c 40 m and d 50 m
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5 � The effect of ground motion frequency content on the seismic 
performance of towers

There are several indicators and parameters introduced in literature to demonstrate the 
frequency content of a ground motion, such as the predominant period ( TP ), the mean 
period ( Tm ), spectral velocity-acceleration ratio period (TV/A), and the smoothed spec-
tral predominant period ( T0 ). Among these, the mean period is known as the parameter 
that shows the frequency content of the ground motions well (Rathje et al. 2004). The 
mean period of the ground motion is the weighted mean of the periods of the Fourier 
Amplitude Spectrum (FAS) of a ground motion in a specified frequency range (0.25 Hz 
to 20 Hz). In contrast to the other frequency content indicators, the mean period is cal-
culated using the FAS, which makes it prominent in characterizing the frequency con-
tent of a ground motion. The mean period is calculated as follows:

where FAi is the Fourier amplitude, fi is the frequency corresponding to the FAi and Δf  is 
the frequency interval.

(1)Tm =

∑

i FA
2

i
(1∕fi)

∑

i FA
2

i

For 0.25Hz ≤ fi ≤ 20Hz,Δf ≤ 0.05Hz

Fig. 9   The histograms of the failure PGAs of towers with height of a 20 m, b 30 m, c 40 m and d 50 m
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The mean period of the ground motions utilized in this study are listed in Tables 9 and 
10. As it can be seen, the selected ground motions cover a range of mean period 0.12 s to 
1.94 s.

Another parameter which represents the frequency content of a ground shaking record 
is the spectral velocity-acceleration ratio period (TV/A) (Lee 2009). This parameter depends 
on the magnitude, distance from the fault, peak ground acceleration (PGA) and peak 
ground velocity (PGV), and is defined as follows:

where �V and �A are the amplification factors, derived from statistical studies and are 
related to the magnitude and distance from the fault.

In this study, the mean period (Tm) of the ground motion was utilized to characterize 
its frequency content. On the other hand, the fundamental vibration period of the towers 
(Ts) has also a significant role in the dynamic response of these structures. Therefore, the 
influence of these two parameters are combined as a ratio; the ratio of the mean period of 
the ground motion (Tm) to the fundamental period of vibration of the tower (Ts), and the 
effects of this ratio on the nonlinear dynamic response of the towers is evaluated. It should 
be noted that the period ratio (Tm/Ts) is equivalent to the frequency ratio (β = ωl/ω) in struc-
tural dynamics.

5.1 � The effect of period ratio (Tm/Ts) on the failure PGA

In this section, the influence of the period ratio (Tm/Ts) on the failure PGA is investigated. 
For this purpose, the variation in the failure PGA with changing period ratio (Tm/Ts) is plot-
ted in Fig. 10.

It can be noted that, for all the investigated towers the change in failure PGA with 
changing period ratio (Tm/Ts) has almost a similar trend. Accordingly, the towers can sur-
vive a more severe ground shaking with higher PGA when the mean period of the ground 
motion is considerably less than the vibration period of the structure. According to the 
curves, when the period ratio (Tm/Ts) is more than a specific value, this ratio has a slight 
influence on the failure PGA and results only exhibit some dispersion. For instance, in the 
tower with height of 20 m, the period ratio more than 1.0 does not affect the failure PGA 
significantly. This limit is around 0.5, 0.35 and 0.25 for towers with heights of 30 m, 40 m 
and 50 m, respectively.

To better visualize the effects of the period ratio (Tm/Ts) on the failure PGA of the tow-
ers, the results corresponding to all towers are plotted on a diagram in Fig. 11. This dia-
gram confirms that the failure PGA of the towers increases drastically by reducing the 
period ratio (Tm/Ts). This influence is more significant when the period ratio (Tm/Ts) is less 
than 0.1. Although the period ratios more than 0.5 do not affect the failure PGA signifi-
cantly, a slight increase of the failure PGA can be observed for period ratios more than 
1.0. This trend confirms the response magnification of the tower when the period ratio 
approaches 1.0.

In addition, to highlight the fact that the mean period represents the frequency content of 
ground motion, the failure PGA of towers have been plotted against the period ratio, which 
is calculated using the spectral velocity-acceleration ratio period (TV/A) (see Fig.  12). 
Accordingly, the variation of failure PGA with Tm/Ts and TV/A/Ts exhibit an almost similar 
trend.

(2)TV∕A = 2�.
PGV

PGA
.
�V

�A
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5.2 � The effect of period ratio (Tm/Ts) on the failure base shear

In order to investigate the effect of the period ratio on the induced shear force in towers at 
the point of failure, the variations of the failure base shear (Vbf) with changing period ratio 
(Tm/Ts) for different towers are plotted in Fig. 13.

Fig. 10   Variation of the failure PGA with period ratio (Tm/Ts) for towers with height of a 20 m, b 30 m, c 
40 m and d 50 m

Fig. 11   Variation of the failure 
PGA with period ratio (Tm/Ts) for 
all data
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It should be noted that the failure base shear is normalized to the weight of the towers 
in the diagrams. Accordingly, the normalized base shear of the towers fall in the range of 
0.1 to 0.55. Compared to the curves related to the effects of period ratio on failure PGA 
presented in the previous section, these diagrams exhibit higher dispersion. However, the 
failure base shear decreases with the increase in period ratio (Tm/Ts). In other words, the 
towers fail under a smaller lateral force when the period ratio, Tm/Ts, becomes larger. This 

Fig. 12   Variation of the failure PGA related to records measured on rock with period ratio using a Tm, b 
TV/A

Fig. 13   The variation of the failure base shear with period ratio (Tm/Ts) for towers with a height of a 20 m, 
b 30 m, c 40 m and d 50 m
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result is consistent with that obtained in the previous section regarding the effects of period 
ratio on the failure PGA.

5.3 � The failure of towers

In the linear and nonlinear static analysis methods, the critical section of towers subjected 
to lateral loads is their base section where the maximum internal bending moment occurs. 
Therefore, it is expected that under earthquake ground shaking, damage to be concentrated 
at the bottom of the towers. The time history analyses conducted in this paper and the 
evaluation of tensile and compressive strains in different sections of towers under different 
ground motions indicate that the overturning mode of failure with development of cracks 
at the bottom of the towers is not always the dominant mode of failure in these slender 
structures. Comparing the failure of a specific tower under different earthquakes confirms 
that the ground motion not only influences the failure PGA, but also affects the failure loca-
tion in height of the towers. It is noted that, usually when the period ratio, Tm/Ts, becomes 
smaller, flexural failure occurs at the upper sections of the tower causing instability and 
collapse of that section; an occurrence supported by actual observations from the past 
earthquakes [31]. In these cases, the failure PGA increases significantly. This behavior is 
clearer in the response of towers under the ground motions corresponding to the stations 
on soft soil. To better show this phenomenon, the average Tm/Ts that causes damage in the 
lower and upper half of the towers are plotted in Fig. 14. Accordingly, the average Tm/Ts 
that causes failure in the lower half of the towers is around 1.5 to 3.6 times that results in 
damage in the upper half, and this ratio decreases with increasing the height of the towers. 
Moreover, the mean Tm/Ts that causes failure in the upper half of the towers ranges 0.22 to 
0.35 for towers with different heights.

6 � Conclusions

In this study, the influence of frequency content of earthquake ground motion on the vulner-
ability of masonry towers was investigated. For this purpose, Incremental Dynamic Analysis 
was performed on four towers having different aspect ratios, using 37 ground motion records 

Fig. 14   The average Tm/Ts that 
causes damage in the lower and 
upper half of the towers
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from sites with different types of soil. The towers were simulated by means of a validated 
idealized model. Furthermore, the mean period of the ground motion was utilized as the fre-
quency content indicator. The major findings of this research are as follows:

1.	 The Equivalent Beam Element with fiber section is an efficient model requiring a rela-
tively low computational effort for the nonlinear time history analysis of slender towers. 
The reasonably accurate free vibration and nonlinear analyzes of the Qutb Minar, as a 
relatively complicated structure using this model, confirms its acceptable performance.

2.	 The results of the Incremental Dynamic Analyses of towers confirm that in addition 
to the intensity of the ground shaking, other parameters such as frequency content 
of ground motion can affect the level of vulnerability of masonry towers. This result 
explains the survival of some historical masonry towers in past destructive earthquakes.

3.	 The period ratio, Tm/Ts, has a significant influence on the dynamic response of towers 
in terms of the failure PGA and base shear, as well as the failure mode of the structure. 
It was shown that, the failure PGA of the ground motion increases drastically when the 
period ratio is small (less than 0.1). The results also showed that the influence of period 
ratios greater than 0.5 on the failure PGA is negligible. It should be noted that this limit 
differs slightly for towers with different aspect ratios and vibration periods.

4.	 As the period ratio, Tm/Ts, becomes smaller, the shear force induced in the tower 
increases. This result is consistent with that presented regarding the failure PGA.

5.	 The level of stress and strains developed in the towers confirms that the frequency 
content of the ground motion has also a significant influence on the failure mode of the 
towers. When the period ratio becomes smaller, flexural cracks develop in the upper 
parts of the towers; leading to partial collapse of the tower.

7 � Availability of data and material

Not applicable.

Appendix

See Tables 7, 8, 9 and 10.
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Table 7   The characteristics of the ground motion records corresponding to the rock soil

a Record Sequence Number

Number Event RSNa Moment mag-
nitude, Mw

Site to source 
distance (km)

Event year

1 Chi-Chi, Taiwan 1245 7.62 36.06 1999
2 Chuetsooki, Japan 5006 6.80 77.65 2007
3 Duzce, Turkey 1613 7.14 25.78 1999
4 Hector Mine, US 3799 7.13 185.92 1999
5 Loma Prieta, US 804 6.93 63.03 1989
6 Niigata, Japan 4167 6.63 52.15 2004
7 Northridge-01, US 1091 6.69 23.10 1994
8 Sierra Madre, US 1649 5.61 37.63 1991
9 San Simeon, US 8167 6.52 37.92 2003
10 Whittier Narrows-01, US 680 5.99 6.78 1987
11 Anza-02, US 1943 4.92 28.79 2001
12 Chi-Chi-03, Taiwan 2687 6.20 93.15 1999
13 Chi-Chi-05, Taiwan 2996 6.20 49.84 1999
14 Tottori, Japan 3895 6.61 99.64 2000
15 Iwate, Japan 5483 6.90 37.45 2008
16 El Mayor-Cucapah, Mexico 5965 7.20 112.83 2010
17 Parkfield-02, US 8168 6.00 78.14 2004
18 San Fernando, US 59 6.61 89.37 1971

Table 8   The characteristics of the ground motion records corresponding to the soft soil

Number Event RSN Moment mag-
nitude, Mw

Site to source 
distance (km)

Event year

1 Chi-Chi, Taiwan 1209 7.62 24.13 1999
2 El Mayor-Cucapah, Mexico 5989 7.20 40.96 2010
3 Iwate, Japan 5471 6.90 46.77 2008
4 Coalinga-01, US 326 6.36 43.83 1983
5 Kocaeli, Turkey 1147 7.51 68.09 1999
6 Loma Prieta, US 759 6.93 43.77 1989
7 Northridge-01, US 962 6.69 45.44 1994
8 Superstition Hills-02, US 729 6.54 23.85 1987
9 Whittier Narrows-01, US 608 5.99 26.30 1987
10 Chi-Chi, Taiwan-05 2955 6.20 71.26 1999
11 Morgan Hill, US 452 6.19 53.89 1984
12 Yountville, US 1843 5.00 94.18 2000
13 Chi-Chi, Taiwan-02 2175 5.90 67.81 1999
14 Chi-Chi, Taiwan-03 2492 6.20 59.42 1999
15 Chi-Chi, Taiwan-04 2737 6.20 84.01 1999
16 Chi-Chi, Taiwan-06 3285 6.30 76.99 1999
17 Tottori, Japan 3962 6.61 45.98 2000
18 Niigata, Japan 4151 6.63 101.78 2004
19 Chuetsu-oki, Japan 4989 6.80 118.79 2007
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Table 9   The mean period of the 
ground motions related to the 
rock soil

Record RSN Mean 
period ( Tm ) 
(s)

Chi-Chi, Taiwan 1245 0.50
Chuetsooki, Japan 5006 0.12
Duzce, Turkey 1613 0.42
Hector Mine, US 3799 0.53
Loma Prieta, US 804 0.60
Niigata, Japan 4167 0.10
Northridge-01, US 1091 0.40
Sierra Madre, US 1649 0.22
San Simeon, US 8167 0.95
Whittier Narrows-01, US 680 0.45
Anza-02, US 1943 0.10
Chi-Chi-03, Taiwan 2687 0.37
Chi-Chi-05, Taiwan 2996 0.65
Tottori, Japan 3895 0.12
Iwate, Japan 5483 0.19
El Mayor-Cucapah, Mexico 5965 0.78
Parkfield-02, US 8168 0.58
San Fernando, US 59 0.47

Table 10   The mean period of 
the ground motions related to the 
soft soil

Record RSN Mean 
period ( Tm ) 
(s)

Chi-Chi, Taiwan 1209 0.67
El Mayor-Cucapah, Mexico 5989 0.65
Iwate, Japan 5471 0.57
Coalinga-01, US 326 0.66
Kocaeli, Turkey 1147 0.87
Loma Prieta, US 759 0.75
Northridge-01, US 962 0.49
Superstition Hills-02, US 729 0.96
Whittier Narrows-01, US 608 0.49
Chi-Chi, Taiwan-05 2955 0.26
Morgan Hill, US 452 0.57
Yountville, US 1843 0.56
Chi-Chi, Taiwan-02 2175 0.29
Chi-Chi, Taiwan-03 2492 1.94
Chi-Chi, Taiwan-04 2737 0.69
Chi-Chi, Taiwan-06 3285 1.17
Tottori, Japan 3962 0.21
Niigata, Japan 4151 1.02
Chuetsu-oki, Japan 4989 0.96
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