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Tuned Mass Dampers for Improving the Sustainability and Resilience of
Seven Reinforced Concrete Chimneys Under Environmental Loads

Abstract

Since the fifties of the twenty century, new manufacturing and chemical plants have employed
reinforced concrete (RC) to build chimneys, stimulated by industrial developments and
environmental requirements. Many RC chimneys were designed and constructed without specific
earthquake-resistance provisions. Under seismic loads, chimneys are characterized by inelastic
response leading to potential brittle collapse. The construction of new chimneys is not an attractive
solution in terms of construction time and, in several cases, the need to change the plant layout.
Historical chimneys represent a symbol of important industrial plants, representative for the
community that has grown around it. In addition, the current call for sustainability highlights the
importance of material recycling. Retrofitting existing chimneys to improve resilience and ability to
survive under environmental conditions is an acceptable approach for the development. This paper
investigates the seismic performance of seven RC chimneys, originally designed in absence of
seismic action, equipped with Tuned Mass Dampers (TMDs). The nonlinear material properties of
concrete and steel rebars are considered to optimize the TMDs performance, by conducting time-
history dynamic analyses under five European earthquakes. The parameters of the TMDs are
optimized and the performance of the system is investigated: the capability of the TMDs is assessed
in reducing top displacements, base shear and base moment. The additional equivalent damping and
the change in vibrational modes, in terms of frequencies and participating masses, are evaluated as
well. A parametric study is conducted to understand the influence of geometrical slenderness, taper
ratio, height and vertically distributed mass, on chimneys response to earthquakes, including
dimensionless parameters related to top displacement, base shear and base moment. Among the
geometrical parameters here investigated, geometrical slenderness is predominant with respect to the
others, afflicting the mass ratio and consequently the optimized parameters of the TMDs, the base
shear and base moment. The geometrical features seem to not influence the equivalent damping that
depends much more on the frequency of the original chimney. In addition, an energy balance is
performed to assess the energy dissipated by TMDs. When TMDs are present, the damping energy
of the chimneys increases with respect to the decrease of the kinetic and inelastic energies.

Keywords: Environmental loads, sustainability, tuned mass damper, reinforced concrete, chimney,
seismic response, non-linear analysis.

1. Introduction

Background: All over the world, many industrial plants rely on chimneys as a vital element for the
exhaust of combustion gases and pollution dispersion. As a monumental symbol of the
industrialization era, older chimneys are in many places of the world. Since the fifties of the twenty
century, new manufacturing and chemical plants employed reinforced concrete (RC), instead of
traditional masonry, to build chimneys stimulated by industrial developments and environmental
requirements. Older industrial chimneys built between the end of the nineteenth century and the
beginning of the twentieth century are mostly masonry [1], [2]. Chimneys are fundamental for
combustion gases discharge and achieving the necessary “chimney effect” for industrial processes
[3]. Masonry chimneys consist of three main parts: base, shaft with “single skin” or “double skins,”
and ornamental crown, characterized by a hollow circular section and a maximum height of about 25-
30 m [4], [5]. These masonry chimneys were replaced by RC ones, with significantly different
configurations and structural characteristics. Due to advances in materials and concrete production
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techniques, it was possible to satisfy the essential industrial requirements with a reduced
environmental impact. RC enabled the building of chimneys with a significant increase in height (up
to 400 m). Chimneys ranging between 100 m and 400 m in height were built. For instance, the
chimney in Pitesti, Romania, and the chimney in Torrevaldaliga-Civitavecchia, close to Rome.

Seismic performance of RC chimneys: An important aim in the existing RC structures is to limit
the negative impact of vibrations [6]. Many RC chimneys were designed and constructed without
specific earthquake-resistance provisions, considering only the wind as the dominant lateral design
load [7]. In some European countries, for example in Italy, many chimneys were built in areas that
nowadays are considered seismic zones [8]. There is evidence of structural negligence of the
seismic performance of many existing RC chimneys, in terms of resilience, ductility, and economic
aspects. Therefore, historical chimneys, including those that are not in use, should be safeguarded
as they represent the important industrial heritage of the local community, and they serve as an
entrepreneurial symbol. Also, the structural behavior of RC chimneys, currently in areas classified
as seismic zones, should be improved to avoid potential collapse, threatening human safety, and
interrupting industrial production with substantial economic losses (such as the Izmit Tupras
Refinery accident in 1999). Under seismic loads, chimneys are characterized by their inelastic
response, different from the elastic behavior of tall buildings under service wind loads. Higher
vibration modes and longer periods of oscillations drive a complex global dynamic response under
earthquake loads. This can lead to a significant increase in structural stress states, with a potential for
brittle collapse [4,9-15].

A recent study reported six major chimney failures, out of 739 chimneys that were investigated
[16]. The damage to these RC chimneys was mainly caused by seismic and wind actions, temperature-
induced stress, and construction defects [14]. On the other hand, the behavior of RC structures
subjected to dynamic loads is also influenced by important physical parameters as described in [17].

Several research studies deepen the analysis of fracture processes in RC structures
[18][19][20][21] and reveal the crack pattern in slender constructions due to seismic loads [22,23].
In particular, a failure-prone region between 30% to 80% of the height of a standard designed chimney
was identified. This zone experiences inelastic deformations. Failures may occur in the lateral,
vertical, and inclined directions, after strong earthquakes. Predominant cracks with 20-30 mm width
were observed after seismic events [16]. A specific design for wind may not allow for adequate
resilience under seismic loads. This is because the design for wind demands higher stiffness and
higher strength. A design with lower stiffness and higher ductility is favorable under seismic action
[22], [24]. The increase in height over 130 m exposes chimneys to large displacements, causing cracks
that demand extensive rehabilitation. Moreover, the radius to thickness ratio has a relevant influence
on the dynamic response. The displacement decreases with the increase in the radius to thickness
ratio. Chimneys tapered from bottom to top experience lower displacements, compared to those that
are tapered from the bottom and become uniform at one third of the total height. The shell stress
decreases with the increase in the radius to thickness ratio, for a fully tapered chimney, compared to
a partially tapered one. Additionally, for a higher radius to thickness ratio, there is a decrease in the
total base shear force [25]. For improving the seismic response of chimneys, adequate modeling of
the structure is indispensable [14,15]. In addition, passive tuned mass dampers play a vital role in
response reduction, while presenting a cost-effective solution [26].

Paper layout: The construction of new chimneys, instead of the seismic retrofitting of existing
ones, is not an attractive solution, in terms of construction time, and sometimes the need to change
the plant layout. In addition, the current call for sustainability highlights the importance of material
recycling and improved designs [27-30]. Retrofitting existing structures, to improve their resilience
and hence the ability to survive under environmental conditions, is ultimately an acceptable approach
for the development while preserving the environment under the sustainability constraints. This paper
investigates the seismic performance of seven existing RC chimneys equipped by tuned mass dampers
(TMDs) under five seismic events. The seismic response of the chimneys with and without TMDs is
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obtained by performing nonlinear dynamic analyses. The paper layout is as follows. Section 2
presents an overview of the use of tuned mass dampers for the seismic retrofitting of chimneys.
Section 3 provides the structural characteristics of the chimneys investigated in this paper. The finite
element analysis is presented in Section 4. In Section 5, the optimal parameters of the TMDs are
derived. The equivalent damping of the chimneys with TMDs is investigated in Section 6. The
influence of the chimneys geometrical parameters (aspect and taper ratios) on the effectiveness of the
TMDs is discussed in Section 7. An energy balance analysis is conducted in Section 8. Section 9
summarizes the main findings of the paper.

2. Tuned mass damper for seismic retrofitting of chimneys

Fig. 1. shows typical TMD installation on an existing RC chimney. TMDs and viscous dampers can
protect buildings and other structures under seismic loads [31-43]. Several approaches can be
generally considered to improve the seismic response of chimneys. In many countries, when the
seismic improvement concerns a historical masonry chimney, the project lead should present the
renovation plan to the department responsible for the environment and historical buildings. This step
IS necessary to ascertain that the renovation will preserve the original structure without modifying the
essence of the chimney (i.e., the historical chimney could be a symbol of an important industrial
plant) [44]. Some requirements are expressly indicated, such as the reversibility and the use of
compatible materials. To fulfill these requirements, a TMD can be used to reduce the base shear, base
moment, and top displacements [4]. This type of solution is usually considered to reduce the seismic
and wind response of existing RC chimneys, by applying a single TMD or vertically distributed
multiple mass dampers (m-TMDs) [9]. For the two configurations (TMD or m-TMDs), the energetic
approach is pursued by increasing the structural damping and shifting the period of the new system
represented by the chimney and the device [45]. Fig. 2 demonstrates the general benefits of the
frequency shifting and the increased damping due to the installation of TMD. Compared to the
primary structure alone, the new system (chimney with TMD) may have more structural damping and
favorable period shift in the response spectrum curve, which reduces the seismic response. For RC
chimneys, the use of TMDs represents a valid solution for improving the structural performance under
horizontal loads, which increases the serviceability and availability of the chimney by maximizing its
economic value related to the chemical processes of the plant. The choice of a TMD system should
consider the material issues (state of concrete, conditions of reinforcing bars, etc.), the geometry, the
location of the chimney and the plant layout. Special attention should be paid to the height of the
chimney and the purpose of the renovation project in terms of the required percentage of performance
improvement under seismic loads, wind loads or the combination of the two [46,47]. RC chimneys
may experience a moderate ductile response under severe loading and unloading cycles due to
yielding in the reinforcement bars. In many cases, a single TMD represents an acceptable solution in
terms of structural and economic convenience.



Fig. 1. World record for a 41 t tuned mass damper installed on the top of a 180 m RC chimney [48].
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Fig. 2. Generic representation of the seismic benefits due to a TMD, i.e., increased damping and
period shifting.

3. Characteristics of the seven RC chimneys

The structural configuration of the RC chimneys may change as a function of the height, location,
and industrial needs. It is worth mentioning that some of the European RC chimneys built between
1950 and 1970 present inner pipes (also realized in steel and acid-resistant masonry) [49]. These inner
pipes are located about 10 m apart and connected to the inner shell and outer skin. Fig. 3. represents
an example of this configuration.



Fig. 3. A 245 m RC chimney located in Porto Tolle (Rovigo, Italy). Left: section and top view of
the chimney. Right: a general view of the chimney.

The seven RC chimneys investigated in this study were built between 1960 and 1985 (Fig. 4). The
case study chimneys are classified according to four main geometrical features: the height (H), the
geometrical slenderness ratio that is the ratio between the maximum height and the outer diameter at
the base (or A = H/Dwase), the taper ratio that is the ratio of the outer diameter at the top to the outer
diameter at the base (or tq = Diop/Drase), and the mass distribution along the height (qn).
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- f— Lt o - e - == - i
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Fig. 4. Elevation view of the seven case study chimneys (each chimney is named as CH_number,
see Table 1 for more details). Height, base diameter and top diameter are shown in m.

The characteristics of the chimneys are listed in Table 1. The general characteristics include the height
(H), the outer base diameter (Dvase), the outer top diameter (D1op), the taper ratio (td), the slenderness
ratio (1), the wall thickness (tn), the type of concrete and steel used, and the location.



Table 1. Main characteristics of the seven case study chimneys.

chimney Dpase, M Digp, m H, m ta A th, CM concrete  steel Mot Mgenr location
CH_1 4.8 2.5 60 0.52 12.50 30 C20/25 Ag50 9302 1926 Senigallia, Italy
CH_2 161 13.6 100 0.85 6.21  40-30 C35/45 FeB44k 47704.2 10559  Panipat, India
CH_3 103 6.6 115 0.64 11.17  45-20 C35/45 FeB44k 320417 5465 Turkey
CH_4 150 148 120 0.99 8.00 35-26.5 C35/45 FeB44k 45564.3 1089  Cagliari, ltaly
CH5 157 94 183 0.60 11.66  60-30 C45/55 FeB44k 90299.1 1466.3 Birmingham, UK
CH_6 16.0 85 220 0.53 13.75  76-20 C35/45 Ag50 140752 1647  La Spezia, Italy
CH 7 260 16.8 245 0.65 942  70-35 C35/45 FeB44k 168617 2926.2 Italy

Note: Dnase= Outer diameter at the base; Diwop = outer diameter at the top; H = height; tq= taper ratio; A
= slenderness ratio; th = wall thickness of the circular hollow section; m is the total mass in t; Mgenr
is the generalized mass in t.

4. Finite element analysis (Phase A)

The finite element model (FEM) of each chimney was established in MIDAS Gen [50], by relying on
detailed structural properties. Each FEM is characterized by vertically disposed beam elements; the
node at the base of the chimney is fully constrained (fixed) (Fig. 5). The choice of discretizing by 10
elements also depends on calculation effort. However, the influence of a discretization by 100 beam
elements was evaluated for two chimneys, chimney 1 and chimney 7. The differences in terms of
vibration modes and masses involved are minimal, Table 4; however, the calculation effort is
considerably greater. For a preliminary analysis, the mass ratio was set to zero. The design and the
implementation of the TMD in the FEMs will be discussed in Section 5. The self-weight is defined
by assigning the mechanical characteristics of the material, while the dead loads due to the inner
structures and equipment are accounted for by considering distributed vertical beam load applied on
the beam elements representing the chimney. The self-weight and the dead loads are converted to
mass to carry out the finite element analysis for evaluating the periods of the structure, the equivalent
participation mass, and the mode shapes. The nonlinear material behavior of concrete is accounted
for by the Kent-Park property [51]. Similarly, the nonlinear properties of the steel rebars are
considered [52]. The mechanical properties of the concrete and steel of the chimneys already
indicated in Table 1 are listed in Table 2. The nonlinear properties are included in the model by fiber
discretization of each section of the beam elements.

Table 2. Material mechanical properties.

concrete grade steel grade
C20/25 C35/45 C45/55 grade  FeB 44K Aq 50
fe 28750 45350 53650 fy 382610 234780
€0 0.002 0.002 0.002 fu 440000 270000
k 1 1 1 Es 210000000 210000000
z 533.351 557.58 677.93 Esh 0.02 0.02
&u 0.00351 0.00417 0.00417 Esu 0.11 0.13

Note: stress and elastic modulus in kN/m?



TMD mass

Fig. 5. A schematic representation of a TMD in the finite element model (FEM).

It is worth mentioning that the nonlinear normal modes represent the analogue of linear normal modes
for nonlinear systems. Although the nonlinear normal modes do not have some of the key
mathematical properties of linear normal modes (such as orthogonality), they share a number of
important similarities and proved useful to explain the nonlinear phenomena. [53-55]. The
fundamental period (T1) and the corresponding modal participation mass (M1) of the first mode, for
each chimney, are obtained from the finite element analysis as listed in Table 3. Fig. 6 shows the
mass participation of the first vibrational mode, the dominant period, and the corresponding dominant
natural frequency of the seven chimneys as a function of the mass ratio (i) of the TMD that will be
discussed later. A mass ratio of zero means that the primary structure is without the TMD and should
yield the results listed in Table 3.

Table 3. Finite element analysis results.

chimney T1[s] M; [%]
CH_1 1.63 58.48
CH_2 0.92 66.51
CH_3 1.77 54.24
CH_4 1.33 63.82
CH_5 2.55 53.87
CH_6 3.21 48.02
CH_ 7 3.79 45.23




Table 4. Comparison between Chimney 1(CH 1) and Chimney 7 (CH 7) models in terms of
vibrational modes and masses by adopting 10 (D1) and 100 (D2) discretizing elements.

Chimneys
CH1Dl1 CH1D2 CHJ7Dl CHU7D2
Period 1.632 1.629 3.794 3.791
Mass Participation
1st/2nd 58.48 57.95 44.23 43.36
3rd / 4th 21.069 20.51 19.68 19.22
5th / 6th 8.867 8.69 10.17 7.39
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Fig. 6. Effect of the TMD mass ratio (i) on the mass participation of the first vibrational mode, the
natural period and the natural frequency.

It is worth mentioning that the mass participation of the first modes for the seven chimneys varies
between 40% and 65% and the first vibrational period is in the range of 1 to 5 s. The influence of
these parameters on the behavior of the chimneys under seismic action, as well as the capability of
the TMDs to enhance the performance, will be investigated later.

5. Optimum parameters of the TMD (Phase B)

Once the vibration mode shapes and the main frequencies of the chimneys are known, the parameters
of the TMDs can be estimated [56,57]. The seismic response can be analyzed by implementing the
TMD in the FEM of each chimney. The TMD is implemented via a nodal mass connected to the
chimney with spring and linear dashpot characterized by a stiffness (kimd) and damping coefficient
(ctma). The boundary conditions of the node representing the TMD are set to allow for only the
horizontal displacements of the mass (Fig. 5). The horizontal stiffness (kimd) and the related damping
coefficient (Cima) are evaluated from the following relations [58], [59]:
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ktma = pmpl,, ¢, @)

Ctma = 2 fopt vV (ktma um) , @)

= M ®3)
=

J1-05
Pope = (Ty# +/1-28% - 1) —(2.375 — 1.034,/u — 0.426y) £ )
—(3.730 — 16.903,/u + 20.4964) - €2 - \[u ,
— ﬁ — 2 2

Eopt = J(m) +(0.151¢ — 0.175¢%) + (0.163¢ + 4.98%) u | (5)

here p is the mass ratio, m is the mass of the chimney, mq is the mass of the TMD, s is the
dominant frequency of the chimney, popt is the optimal frequency ratio, &opt IS the optimal equivalent
damping ratio, and ¢is the equivalent structural damping ratio (without TMD). The mass ratio, u, of
the TMD was considered to vary between 1% and 5%. The effect of the TMD mass ratio change on
the characteristics of the chimneys, including the mass participation of the first vibrational mode, the
natural period and the natural frequency, is shown in Fig. 6. It is worthy to mention that the first and
the second vibrational modes are characterized by the same percentage of participating mass and by
the same value of the natural frequency. By considering different values of the TMD mass, the seismic
response of the “chimney with TMD” can be estimated using the FEM, where the seismic action is
introduced using five acceleration times histories (Greece, Amatrice, L’Aquila, Friuli, and
Montenegro), as shown in Fig. 7. The dominant characteristics of the seismic inputs are shown in
Table 5. The seismic inputs have been selected to obtain a magnitude between 6 and 6.9 and a PGA
value between 0.35 g and 0.53 g. However, they are characterized by different integral parametric
values, gaining a large variability of the ground motion characteristics (Fig. 7) and Table 5, [60,61].

Table 5. Characteristics of the seismic inputs.

event name event ID station ear PGA ~ PGV PGD magnitude arias intensity
y o] [em/s]  [cm] g [em/s]
Friuli IT-1976-0030 FRC 1976 035 237 53 6 84.5
(Accl)
M?Egg;?ro ME-1979-0003  PETO 1979 045 385 6.9 6.9 455.7
Amatrice EMSC-
hacs) 20161030 0000020 AMT 2016 053 379 75 6.5 156.4
Greece GR-1995-0047  AIGA 1995 052 513 83 6.5 117.1
(Accd)
L'Aquila IT-2009-0009 AQG 2009 049 358 6.0 6.1 1324
(Acch)
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Fig. 7. Five different seismic motions: Friuli (Accl), Montenegro (Acc2), Amatrice (Acc3), Greece
(Acc4) and L'Aquila (Acch).

Under the five ground motions, three fundamental responses are evaluated. The responses include the
top displacement (), the base shear (V), and the base moment (M). The performance criteria are
defined as the change in these responses when the TMD is installed: An%, AV%, and AM%. The best
TMD mass ratio, within the range of 1% to 5%, is obtained by maximizing the reductions in top
displacement An%, base shear AV%, and base moment AM%.

Fig. 8 shows the optimization of the TMDs parameters for the seven chimneys, in terms of top
displacement, base shear, and base moment. The response parameters are plotted versus the mass
ratio of the TMD. Once the average trends are detected for each chimney, the mass ratios optimizing
the sizes of the TMDs are estimated. The optimal ratio should minimize the mass of the TMD and
maximize the reduction in the displacement, base shear, and base bending moment [10,44].
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Fig. 8. Optimization of the TMDs parameters for the seven existing chimneys in terms of top displacement,
base shear and base moment against the mass ratio (between the mass of the optimized TMD and the mass
involved in the first and second vibrational modes).
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For each chimney, the optimum mass ratio value (opt) IS NOW known, as listed in Table 6. Once each
optimum mass ratio (Lopt) IS chosen, the parameters of each TMD are evaluated, in terms of horizontal
stiffness (kimd), damping coefficient (ctmd), by using Egs. 1-5 (Table 6). For a complete definition of
the mass-ratio percentages indicated in Table 6 as optimum mass ratios, these values are compared
with those of the masses involved in systems characterized by chimneys with TMDs. For each system
“chimney with TMD”, Table 7 shows:

- The generalized mass, [62];

- The mass involved in the main vibrational modes (first and second modes);

- The weight and the mass of the optimized TMD;

- The weight of the TMD in comparison to the total weight of the chimney (given by the
ratio TMD/W) expressed in percentage terms;

- the mass of the optimized TMD in relation to the Generalized mass (given by the ratio
TMD / Generalized) expressed in percentage terms;

- the mass of the optimized TMD in relation to the mass involved in the first and second
vibrational modes (given by the ratio TMD/V.Modal) expressed in percentage terms. The
ratio TMD/V.Modal corresponds to the percentage already shown in Table 6 as the
optimum mass ratio.

Table 6. Properties of the optimum TMDs selected for the seven chimneys (CH_1to CH_7).

Chimney

Optimum TMD 4 CH 2 CH3 CH4 CHS5 CH 6 CH 7
Properties - - - - - - -
Hopt 4% 3% 3% 3% 3% 5% 3%

®tmd 0.58 0.76 0.54 0.72 0.38 0.29 0.26
Mima [1] 22.19 97.1 5317  88.96 14881 34461  233.33
Kma [KN/M] 29322 222490 61350 181241 82856 114862  589.11
Cund [KNS/m] 20.47 52.56 4000 8892  77.77 177.43 82.11

Table 7. Optimum mass ratio in comparison to the masses of the systems “chimneys with TMDs”.

W -1 TMD/V.
. (Total ~ Generalized Wiarziflem | @/pdiie) §OImel TMD/W  TMD/Generalized Modal
Chimney Weight) Mass [kN/g] Modal, TMD TMD [%] Mass [%] Mass [%]
[kN] V.modal [kN] [kN/g] = Mopt (Table
Mass [kN] 6)
CH_1 9302 192.6 5439.9 217.6 22.2 2.3 11.5 4.0
CH_2 47704.2 1055.9 31728.4 951.9 97.1 2.0 9.2 3.0
CH_3 32041.7 546.5 17379.3 521.4 53.2 1.6 9.7 3.0
CH_4 45564.3 1089.0 29078.5 872.4 89.0 1.9 8.2 3.0
CH_5 90299.1 1466.3 48641.1  1459.2 1488 1.6 10.1 3.0
CH_6 140752 1647.0 67585.5  3379.3 3446 2.4 20.9 5.0
CH 7 168617 2926.2 76266.3  2288.0  233.3 1.4 8.0 3.0

Among all geometrical features, the slenderness ratio seems to control the size (mass ratio) of
the TMD. The higher the slenderness ratio, the higher the optimum mass ratio of the TMD. For
a slenderness ratio around A = 10, the optimum mass ratio pop IS about 3%. However, for a higher
slenderness ratio, for example AcH s = 13.75, the optimum mass ratio pop: -cH_6 = 5%. Also for
AcH 2 = 6.21 the optimum mass ratio IS pepecr 2 = 1.5%. Similar considerations may not be valid
about the effect of the taper ratio tq on the size of the TMD, because chimneys with different tg,
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as CH_1 with tg = 0.52 and CH_4 with tq = 0.99, are characterized by very close mass ratio values
(e.9. uopt-cH_1 = 4% and popi-cH_4 = 3%).

In Fig. 9, the frequency corresponding to the main vibrational modes of the chimney (value A) is split
into two frequency values (values B and B’), corresponding to the first and the second vibrational
modes of the system “chimney with TMD”. It is worth mentioning that the values B and B’ indicate
vibrational modes in which only the mass of the TMD is involved, whereas the mass of the chimney
participation to these modes is practically zero. Therefore, the first vibrational mode prevails that the
mass of the chimney with almost zero mass of the TMD involved — in the system “chimney with
TMD” — corresponds to higher frequency values (value C), (Table 8). In fact, value C corresponds to
the frequency of the first vibrational mode of the system “chimney with TMD” in which the mass of
the chimney is mostly involved because the mass of the TMD is substantially not involved.

Table 9 lists the controlled (with TMD) and uncontrolled responses, and the corresponding reductions
(+ve) under the five different ground motions. The most important response reduction achieved by
the TMDs is the top displacement. The base shear reductions under the five strong seismic events are
not significant, in comparison to the displacement and base moment reductions.

The contribution of the TMD having the parameters shown in Table 6 is also evaluated for each
chimney in the frequency domain by adopting the Fast Fourier Transform (FFT) of the five seismic
time histories. In fact, in the FFT it is possible to detect the frequency of the chimney without TMD
and the frequencies of the system given by the chimney equipped with the TMD. The effectiveness
of the TMD on the seismic response depends on the properties of the structure and the characteristics
of the earthquake. If the frequency of the only chimney intercepts the peaks of the FFT of the seismic
input, the contribution of the TMD is much evident. Moreover, if the frequencies of the system
“chimney with TMD” intercept the FFT of the seismic input in smoothed branches the effect of the
TMD should be more profitable. By the FFT diagrams, the energetic approach (already described in
Section 1) is evident because the TMD increases the mass and the damping of the new system
“chimney with TMD”, consequently the variation of vibrational mode shapes occurs in terms of
participated mass and frequency values. The contribution of the TMD is well defined in the first and
second vibrational modes where the generic system “chimney with TMD” has frequency values close
to the one characterizing the chimney without TMD, but the damper mass is predominant in these
modes, although the mass of the chimney is little involved.
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Table 8. Mass of the TMD involved in the vibrational mode shapes of the system “chimney with
TMD”. The values called A, B, B’ and C correspond to the ones shown in Fig. 9.

value  case — CHIMNEY 1 mode mass of the TMD [%]

A only chimney Main frequency (modes I-11) 0

B chimney with TMD Main frequency (modes I-11) 70

B’ chimney with TMD Main frequency (modes I-11) 70

C chimney with TMD First mode prevailing the mass of the chimney 5 — (95%, mass of chimney 1)
value  case— CHIMNEY 2 mode mass of the TMD [%]

A only chimney Main frequency (modes I-11) 0

B chimney with TMD Main frequency (modes I-11) 88

B’ chimney with TMD Main frequency (modes I-11) 75

C chimney with TMD First mode prevailing the mass of the chimney 5 — (95%, mass of chimney 2)
value  case— CHIMNEY 3 mode mass of the TMD [%]

A only chimney Main frequency (modes I-11) 0

B chimney with TMD Main frequency (modes I-11) 84

B’ chimney with TMD Main frequency (modes I-11) 72

C chimney with TMD First mode prevailing the mass of the chimney 5 — (95%, mass of chimney 3)
value case— CHIMNEY 4 mode mass of the TMD [%]

A only chimney Main frequency (modes I-11) 0

B chimney with TMD Main frequency (modes I-11) 89

B’ chimney with TMD Main frequency (modes I-11) 75

C chimney with TMD First mode prevailing the mass of the chimney 3 — (97%, mass of chimney 4)
value case — CHIMNEY 5 mode mass of the TMD [%]

A only chimney Main frequency (modes I-11) 0

B chimney with TMD Main frequency (modes I-11) 83

B’ chimney with TMD Main frequency (modes I-11) 86

C chimney with TMD First mode prevailing the mass of the chimney 4 — (96%, mass of chimney 5)
value  case — CHIMNEY 6 mode mass of the TMD [%]

A only chimney Main frequency (modes I-11) 0

B chimney with TMD Main frequency (modes I-11) 80

B’ chimney with TMD Main frequency (modes I-11) 66

C chimney with TMD First mode prevailing the mass of the chimney 25 — (75%, mass of chimney 6)
value  case — CHIMNEY 7 mode mass of the TMD [%]

A only chimney Main frequency (modes I-11) 0

B chimney with TMD Main frequency (modes I-11) 83

B’ chimney with TMD Main frequency (modes I-11) 72

C chimney with TMD First mode prevailing the mass of the chimney 6 — (94%, mass of chimney 7)
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Table 9. Controlled (with TMD) and uncontrolled responses and corresponding reductions (+ve)

under five different ground motions.

Top Displacement (1) [m] Base Shear (V) [kN] Base Moment (M) [kKN.m]
Acc No Opt. An No Opt.
— 0, 0,
E o ™D T™D [%] T™MD T™MD AV [%] | NoTMD | Opt. TMD | AM [%]
z 35 1 0.0098 | 0.0081 | 16.7 172.2 166.2 35 2643.3 2274.7 13.9
2 g 2 0.0411 | 0.0318 | 22.7 214.4 158.1 26.3 7976.5 6169.1 22.7
S 3 0.0136 | 0.0101 | 25.3 333.0 319.7 4.0 5220.2 4726.2 9.5
4 0.0160 | 0.0148 | 7.3 218.3 213.0 2.4 4513.6 4280.1 5.2
5 0.0137 | 0.0133 | 34 150.4 154.7 -2.9 2996.4 2908.4 2.9
Top Displacement (1) [m] Base Shear (V) [kN] Base Moment (M) [kN.m]
Acc No Opt. An No Opt.
N 0, 0,
> < T™MD ™D | [9%] ™D ™MD | AVI%] | NoTMD | Opt. TMD | AM [%]
0
Z < 1 0.0049 | 0.0045 | 9.3 13126 | 1261.2 3.9 38409.0 37842.6 15
2 5 2 0.0370 | 0.0309 | 16.5 | 3027.1 | 2515.9 16.9 209828.1 | 176026.7 16.1
5 = 3 0.0105 | 0.0103 | 2.0 1818.1 | 2044.4 -12.4 75565.6 737245 2.4
4 0.0123 | 0.0122 | 0.9 1230.2 | 1217.6 1.0 74694.5 76236.8 -2.1
5 0.0212 | 0.0146 | 31.2 | 1897.8 | 1504.1 20.7 118556.0 85166.5 28.2
Top Displacement (1)) [m] Base Shear (V) [kN] Base Moment (M) [kN.m]
Acc No Opt. An No Opt.
(92} 0, 0,
E \O ™D ™D [%] T™MD T™MD AV [%] | NoTMD | Opt. TMD | AM [%]
[=)
g W 1 0.0132 | 0.0113 | 144 704.9 674.1 4.4 23306.6 18757.1 19.5
= ;%_ 2 0.0452 | 0.0320 | 294 689.0 624.1 9.4 434447 31562.1 274
6 3 0.0130 | 0.0111 | 143 980.2 930.1 51 25014.4 22342.0 10.7
4 0.0216 | 0.0199 | 7.8 1100.6 | 1074.5 2.4 35997.7 34264.0 4.8
5 0.0151 | 0.0147 | 2.3 474.4 468.5 1.2 13920.9 13441.2 3.4
Top Displacement (1)) [m] Base Shear (V) [kN] Base Moment (M) [kN.m]
Acc No Opt. An No Opt. Opt. TMD
< 0, 0,
> ™D | T™MD | [%] | T™D | Tmp | AV D%l | NoTMD AM [%]
[=)
zZ P 1 0.0055 | 0.0059 | -7.5 581.5 576.4 0.9 22780.3 20816.1 8.6
2 ;%i 2 0.0412 | 0.0369 | 10.6 | 1811.9 | 14205 21.6 138448.0 121066 12.6
(I) 3 0.0129 | 0.0082 | 36.3 | 1267.5 | 1200.7 5.3 47996.8 35862.1 25.3
4 0.0116 | 0.0108 | 7.3 11829 | 11804 0.2 51342.2 50683.6 13
5 0.0128 | 0.0124 | 34 1183.7 | 11483 3.0 54837.9 50837.4 7.3
Top Displacement (1)) [m] Base Shear (V) [KN] Base Moment (M) [KN.m]
Acc No Opt. An No Opt.
Lo 0, 0
2 T™MD ™D | [%] ™D ™MD | AVI%] | NoTMD | Opt. TMD | AM [%]
z G 1 0.014 0.012 | 123 976.9 990.2 -1.4 45315.8 45050.6 0.6
= :,% 2 0.040 0.037 5.4 19145 | 1940.7 -1.4 72106.9 67780.8 6.0
(I) 3 0.025 0.018 | 285 | 2032.1 | 20475 -0.8 67962.8 65940.1 3.0
4 0.032 0.029 9.1 3298.1 | 3287.2 0.3 131700.3 | 130286.5 1.1
5 0.015 0.015 -0.3 2014.3 | 2002.5 0.6 75425.9 74928.9 0.7
Top Displacement (1)) [m] Base Shear (V) [KN] Base Moment (M) [k.Nm]
Acc No Opt. An No Opt.
[{o] 0, 0,
E < ™D ™D [%] T™MD T™MD AV [%] | NoTMD | Opt. TMD | AM [%]
zZ Lﬁ: 1 0.0126 | 0.0107 | 15.1 | 1613.9 | 15728 25 49506.4 48749.3 15
= s 2 0.0487 | 0.0469 | 3.6 39434 | 3838.0 2.7 205267.2 | 189276.7 7.8
(I) 3 0.0315 | 0.0270 | 14.3 | 3356.5 | 3353.9 0.1 159853.4 | 155242.8 2.9
4 0.0341 | 0.0293 | 14.2 | 2155.0 | 2091.7 29 111854.8 | 105059.7 6.1
5 0.0239 | 0.0230 | 34 2865.4 | 2822.8 15 1354934 | 134995.3 0.4
Top Displacement (1)) [m] Base Shear (V) [kN] Base Moment (M) [k.Nm]
Acc No Opt. An No Opt.
N~ 0,
E < TMD T™MD [%] T™MD T™MD AV [%] | NoTMD | Opt. TMD | AM [%]
z Tf 1 0.0102 | 0.0097 | 4.8 1699.7 | 1669.5 1.8 51690.9 50628.4 2.1
= _;g: 2 0.0244 | 0.0245 | -0.3 | 4638.9 | 444338 4.2 230476.7 | 223681.7 2.9
S 3 0.0297 | 0.0248 | 16.3 | 3522.0 | 3451.8 2.0 235710.7 | 232061.6 15
4 0.0241 | 0.0238 | 1.2 3058.0 | 3069.8 -0.4 191886.2 | 191845.0 0.0
5 0.0119 | 0.0120 | -0.4 | 31104 | 2969.3 4.5 160012.2 | 158594.6 0.9
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It is worth noting the influence of the main frequency of the chimney in the TMD contribution in
terms of equivalent damping given to the main structure.

The equivalent damping due to the TMD under the five seismic events is not very significant.
However, the effect of the TMDs in terms of frequencies variation is remarkable. The equivalent
damping does not appear dependent on the individual properties of the chimneys. For high values of
the geometrical slenderness, Acn 1 = 12.5, AcH 5 =11.66 and AcH 6 =13.75, the equivalent damping
values are similar. However, the equivalent damping due to the TMD depends on the characteristics
of the seismic event combined with the natural frequency of the chimney. As shown in

Fig. 10, the higher the natural frequency of the chimney, the higher the equivalent damping. In Fig.
10 the equivalent damping is dependent on the type of the seismic input (non-linear analysis). The
equivalent damping is also dependent on the dominant period of the chimney. The higher the
fundamental period, the lower the equivalent damping of the chimney with the TMD system. The
five ground motions are as follows: Friuli (Accl), Montenegro (Acc2), Amatrice (Acc3), Greece
(Accd), and L'Aquila (Accb) (see also Fig. 7).
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Fig. 10. Variation of the equivalent damping against the main periods of the seven chimneys.

7. Effect of chimney geometry on the performance of the TMD (Phase D)

This section aims to understand the dependence of the TMDs effectiveness on the chimneys
geometrical parameters, particularly the slenderness ratio (1) and the taper ratio (tq). The capability
of the TMDs to improve the seismic response of the chimneys is measured by three performance
criteria. These criteria include the normalized base shear force (¥), the normalized base moment (®)
and the normalized top displacement (A). The performance criteria are defined by referring to the
height of the chimney (H) and the vertically distributed load (gn), as follows. It is important to specify
that gn is the additional load with respect to the self-weight. It considers the numbers of the internal
pipes, floors, stairs, insulation, etc; gn values are obtained from the general description of the
chimneys available in technical descriptions of the plants.

__V (7
¥= (H-qpn)

0= M (8)
(H? - qp)

A=l 9)

T}

The performance criteria versus the slenderness ratio (1) and the taper ratio (tq) are shown in Figs.
13-14 for the chimneys with and without TMDs, under the five acceleration time histories. The
normalized base shear (W) and the normalized base moment (®) are influenced by the geometrical
features of the chimney because their values significantly vary for chimneys having a different top
height (H), geometrical slenderness (A) and taper ratio (td). The normalized displacement may
increase with the increase in the taper ratio (Fig. 11).

For Fig. 11, the taper ratio for each chimney is provided in Table 1. Chimney 2 (CH_2) has the lowest
slenderness ratio (6.21), while chimney 6 (CH_6) has the highest slenderness ratio (13.75). The
results for chimneys without TMDs are identified by the name of the earthquake and the type of the
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analyses (e.g., Acc 1_nonlinear). The results for chimneys with TMDs are designated by the name of
the earthquake, the type of the analyses and the presence of the TMD (e.g., Acc 1_nonlinearTMD).
However, the normalized top displacement does not show significant dependence on the taper ratio
(Fig. 12). The results show that the higher the slenderness ratio (Acn_1 = 12.50 and Ach-s = 13.75), the
lower the normalized base shear and base moment (Fig. 11). In contrast, the higher the taper ratio (td
cH_4 = 0.99), the higher the normalized base shear and base moment (Fig. 12).

For Fig. 12, the taper ratio for each chimney is provided in Table 1. Chimney 1 (CH_1) and Chimney
4 (CH_4) have the lowest (0.52) and highest (0.99) taper ratio, respectively. The results for chimneys
without TMDs are identified by the name of the earthquake and the type of the analyses (e.g., Acc
1 nonlinear). The results for chimneys with TMDs are designated by the name of the earthquake, the
type of the analyses and the presence of the TMD (e.g., Acc 1_nonlinearTMD).

The TMD is more effective in reducing the base shear and moment for chimneys with a lower
slenderness ratio. Nevertheless, the device shows superior performance in chimneys with a higher
taper ratio. The efficacy of the TMD in reducing the top displacement is independent of the
slenderness and taper ratios. This reveals that TMDs may reduce the top displacements of chimneys,
regardless of their geometrical features. However, TMDs are more effective in reducing the base
shear and moment in chimneys with lower slenderness ratio and higher taper ratio.
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8. Dissipated energy (Phase E)

We assumed that for a generic chimney case, the input energy (Ei) due to seismic action is the work
done by the ground motion on the construction. Considering the time-dependent conservation of the
energy, (Ei) is given by the summation of the kinetic energy (Ex), the elastic strain energy (Es), the
energy dissipated by the structure throughout the inelastic parameter (En), and the damped dissipative
energy of the building and the TMD, when present (Eq). The formulations for calculating the input
energy are available in the literature [63,64]. The energy dissipated by damping, under each seismic
motion, for the seven chimneys, with and without TMDs, is evaluated.

In Fig. 13, the damping energy (Eq) is plotted for each chimney under five ground motions. The
output of the energy analysis demonstrates the variation of the damping energy during the seismic
events. The results are plotted in the time domain, for chimneys with and without TMDs. Each time
history represents the percentage (ratio) of the damping energy against the input energy. Under the
five earthquakes, the energy dissipated by damping, for the seven chimneys, increases when the TMD
is installed. The contribution of energy dissipation by the TMD is more evident in the asymptotic part
of the curves, especially under Acc 1 (Fruili, red lines) and Acc 2 (Montenegro, black lines).

In Fig. 14, the bar charts represent the maximum percentage of the kinetic energy (Ex), elastic
strain energy (Es), and the energy dissipated by the inelastic parameter (En), against the input energy
(Ei), for all cases. While the TMD is generally increasing the energy dissipation by damping (Fig.
13), the other terms of energy (inelastic and kinetic energies) are generally reduced (Fig. 14).

In Fig. 14, the results are presented for chimneys without TMDs (En_No_twmp, Ex_N0_Tmp, and
Es_no_Tmp), and chimneys with TMDs (Eh_twmp, EK_twmp, and ES_twmp), under the five ground motions:
Friuli (Accl), Montenegro (Acc2), Amatrice (Acc3), Greece (Acc4), and L'Aquila (Acch) as
previously shown in Fig. 7. However, chimney 3 is a special case in which a different behavior is
realized.

Under Acc2 and Acc4, the inelastic and kinetic energies increase with the installation of the TMD
(Fig. 14). This could be a lack of proper tuning, in which the vibratory motion of the chimney is
increased leading to higher kinetic and inelastic energies. Generally, a major part of the input energy
is dissipated by damping (structural and TMD), and the remainder of the input energy is transformed
to inelastic and Kkinetic energies, while the strain energy is close to zero. The presence of the TMD
slightly reduces the kinetic energy (reduced vibrations).
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Fig. 13. Percentage of energy dissipated by damping (Eq) with respect to the total input energy (Ei).
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9. Conclusions

This paper has investigated the performance of TMDs in reducing the dynamic effects of earthquakes
on seven RC chimneys originally designed for static and wind loads. The parameters of TMDs are
optimized starting from the vibrational mode shapes of the chimneys and consequently the mass ratio,
under the nonlinear properties of the chimneys. The capability of TMDs in reducing the top
displacement, base shear, and base moment is assessed. The findings of the paper are as follows.

The installation of the TMDs can change the mode shapes and the relative involved masses
because a new structural system characterized by the chimney and the TMD is obtained. In
the new system, the first vibrational modes generally involve the mass of the TMDs while the
mass of the chimney substantially remains not involved; the mass of the chimney begins to
be predominantly involved in vibrating modes characterized by frequencies that do not
negatively affect the seismic response of the system.

The mass ratio of the TMD is dependent on the geometrical slenderness of the chimney. For
a low slenderness ratio (i.e., 6.2), the optimum mass ratio of the TMD is about 1.5%. A
chimney with higher slenderness demands a higher mass ratio of the TMD. For a slenderness
ratio of about 10, the optimum TMD mass ratio is about 3%, whereas, for higher slenderness
ratios (i.e., 12.5 to 14), the optimum TMD mass ratio is close to 5%.

In contrast with the slenderness ratio, the mass ratio of the TMD is insensitive to the
geometrical taper ratio of the chimney.

For the seismic records considered in the current study, the dominant benefit of the TMD is a
reduction in the top displacement of the chimney.

The normalized base shear and moment are sensitive to the geometrical features of the
chimneys, especially the slenderness and the taper ratios. However, the normalized top
displacement is less sensitive to the geometrical characteristics of the chimneys (slenderness
and taper ratios)

The TMD is more effective in reducing the base shear and base moment for chimneys with a
lower slenderness ratio. The efficacy of the TMD in reducing the top displacement is
independent of the slenderness and taper ratios. This reveals that TMDs may reduce the top
displacements of chimneys, regardless of their geometrical features.

The equivalent damping achieved by the TMD depends on the frequency of the chimney and
the seismic record. The effect of the TMDs in terms of frequencies variation is remarkable.
The equivalent damping is less independent of other parameters of the chimney, such as the
taper ratio, even when the slenderness ratio is more influential. For high values of geometrical
slenderness (A=11+14), the equivalent damping values are similar.

The energy balance study reveals higher damping energy for the case of chimneys with TMDs.
The contribution is much evident in the asymptotic branch of the energy curves. The damping
energy increases with the TMDs, while the kinetic and inelastic energies decrease, even when
the strain energy contribution is close to zero.

Overall, the current study shows that Tuned Mass Dampers (TMDs) are applicable for RC
chimneys, to support the industrial developments and environmental requirements. TMDs
support the current call for sustainability to improve resilience and hence the structural ability
to survive under environmental conditions.
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