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Abstract

This study evaluates the effectiveness of Particle Tuned Mass Dampers (PTMD) in attenuating structural
vibrations in buildings subjected to narrow-band seismic excitations. PTMDs are passive energy dissipation
devices capable of reducing the lateral response of the primary structural system. First, the maximum
displacement response of a single-degree-of-freedom (SDOF) system was assessed for three
configurations: 1) a SDOF system without a damper; 2) a SDOF system with a Tuned Mass Damper (TMD);
and 3) a SDOF system with a PTMD. Then, the response of 11-storey and 17-storey three-bay reinforced
concrete linear frames with PTMDs, TMDs, and without dampers was analyzed under narrow-band seismic
motions. Results indicate that the main advantage of a PTMD is the significant reduction in lateral
displacements and accelerations when the ratio between the predominant frequencies of the ground
motion and the building is close to unity, and the first mode dominates the structural response. The findings
of this study provide guidance for practicing engineers to assess the feasibility of using PTMDs in new or
existing structures subjected to narrow-band earthquake excitations, in regions such as Mexico City.

Keywords: Particle tuned mass dampers (PTMDs), narrow-band seismic excitations, displacement
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1. Introduction

Civil structures, such as tall buildings, can be susceptible to seismic and wind loads. Under these
excitations, excessive displacements and accelerations can occur at the top of buildings, causing
discomfort to users. In other circumstances, when excitations are sufficiently intense, structural damage,
even catastrophes, can occur [1]. For these reasons, it is essential to take actions for controlling excessive
vibrations to prevent disasters. One means of achieving this is by employing a mechanical device
composed of an elastic element, a damping element and a moving mass known as a tuned mass damper
(TMD). This concept was first introduced by Frahm in 1911 [2] to reduce the rolling motion of ships as well
as hull vibrations. Later, Ormondroyd and Den Hartog proposed a theory of TMD [3], followed by a detailed
analysis of the optimum tuning and damping parameters in Den Hartog's book on mechanical vibrations
[4]. The TMD technology has been traditionally used to passively suppress and control vibrations in
structures [5-13].

However, the frequency spectrum with which the TMD can work properly is limited. Another option with
wider suppression frequency bands is the particle damper (PD). The applications of these devices cover
many and varied fields since this technology demands low manufacturing costs, can be adapted to almost
any geometry and it is not strongly affected by environmental conditions, particularly temperature, which
can have adverse effects on the performance of viscoelastic materials that are often used for isolation and
vibration damping [14-24]. PDs, however, are not very sensitive to frequency as TMDs are [25]. Thus arose
the concept of the particle tuned mass damper (PTMD), which combines valuable characteristics of both
particle dampers and tuned mass dampers [25-26]. Accordingly, PTMDs are passive control systems that
dissipate the input energy by tuning the frequency as in the case of TMDs, and by collisions among particles,
impacts between particles and container walls, friction and sound radiation as occurs in PDs. Up to now,
however, research on the effectiveness of PTMDs in controlling the structural response due to earthquakes
is still at an early stage of theoretical and experimental development [27-32].

Consequently, only few examples of practical application can be found [33-34], and in contrast, a
considerable amount of basic research focused on structural vibration attenuation has been published. Lu
et al. [35] performed an experimental parametric study to evaluate the performance of a one-story steel
frame equipped with a PTMD; and in this way, they also developed a simplified numerical method to
optimally design the particle damper. Similarly, to this research, there are many papers where the coupled
response of elastic systems with PTMDs is the central research objective [26, 32, 35-36]. The results of
these investigations show that, in general, the PTDMs installed on elastic systems are effective in reducing
the maximum story displacement; furthermore, the internal forces on a frame with PTMDs can be
significantly lower than those without dampers of this type. The performance of both TMDs and PTMDs is
highly dependent on their tuning. Optimally tuned devices can significantly enhance vibration mitigation by
properly matching their dynamic properties—such as mass, stiffness, and damping—with those of the
primary structure. In particular, achieving the appropriate frequency and damping ratios is critical for
maximizing energy dissipation during seismic events. As a result, selecting adequate tuning parameters
becomes a fundamental step in the design process of these devices. In this context, the main objective of
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the present study is to evaluate the effectiveness of PTDMs in attenuating vibrations in buildings located in
highly seismic regions such as Mexico City.

The proposed analysis takes into consideration buildings with very common structural characteristics
(particularly 11- and 17-storey structures) in this city; and subjected to highly destructive seismic events
such as the infamous 1985 and 2017 earthquakes. To our knowledge there are very few, if any, studies that
address these peculiarities, despite being very necessary to develop protective measures and standards to
better address the damage and destruction associated with high intensity telluric events. A secondary
objective is to give more diffusion to the concept of PTMD particularly among the civil engineering
community in Mexico, because according to what has been investigated and presented in this introduction,
PTDMs are not yet popular despite their higher performance compared to traditional TMD systems. The
earthquake-induced response of single-story buildings with PTMDs is first studied to find appropriate PTMD
parameters for controlling lateral displacements. For this matter, the governing differential equations of
SDOF systems with PTMDs and TMDs (and without them for comparison purposes) under transient
excitations are solved. Three types of arrangements are examined: 1) a SDOF system without dampers; 2)
a SDOF system with TMDs and 3) a SDOF system with PTMDs.

Then, theresponses of 11- and 17-storey three-bay reinforced concrete linear frames with PTMDs and tuned
mass dampers (TMDs), and without them, are analyzed considering the suitable parameters found for the
three SDOF systems listed above. These two building configurations were selected because their
fundamental periods (approximately 1.4 s and 2.0 s) are representative of structures in Mexico City that are
prone to resonance under narrow-band seismic excitations, making them ideal case studies for assessing
PTMD effectiveness. The study considers narrow-band ground motions recorded at two sites located at
Mexico City, which are known to generate a significant amount of energy content within a narrow range of
structural periods [37]. When structural systems are subjected to narrow-band ground motions with long
duration, their capacity to dissipate energy is decreased as the structural period tends to zero. The amount
of energy input to the structural systems due to narrow-band ground motions is substantial, as compared
to the energy introduced by wide-band ground motions [37]. Therefore, this study allows assessing the
effectiveness of PTMDs in buildings for reducing the lateral response subjected to narrow-band seismic
excitations.

Results of the structural response analysis for buildings in Mexico City under seismic events, as those well-
known destructive earthquakes of 1985 and 2017, allow the formulation of guidelines for the applicability
of PTMDs and the proper designh parameters of these attenuation devices at such powerful seismic
environments.

2. Procedure description

The effectiveness of structures with PTMDs under narrow-band seismic excitations is described in two
parts: (i) assessment of the earthquake-induced dynamic response on SDOF systems with PTMDs and
TMDs and without them; and (ii) determination of the lateral response of 11- and 17-storey frames with the
passive control devices and without them. These two stages are detailed below.
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2.1 Analysis of SDOF systems

The response of a SDOF system is studied herein for three configurations: (1) a SDOF system without
dampers; (2) a SDOF system with a TMD; and (3) a SDOF system with a PTMD (Fig. 1). In this study, a TMD is
a passive control device added to the top portion of the system, which consist of a mass suspended on
pendulum rods, tuned to certain natural frequency of the system. In this way, certain significant kinetic
energy is transferred from the main structure to the suspended mass and dissipated by the TMD ([38], Fig.
1b). On the other hand, a PTMD is a container suspended on pendulum rods attached to the top of the
system, and inside it there are one or more particles, which through collisions between them, collisions
between particles and the walls of the container, friction and sound radiation can suppress the vibrations
of the main system (Fig. 1c). Ground motions are input as horizontal base accelerations.

2.1.1 SDOF structure without dampers

The equation of motion of a SDOF structure, as shown in Fig. 1a, is presented. The governing second order
differential equation is given by:

il = —ilg — 2& w11y — iUy (1)

In Eq. (1), ii; denotes the SDOF’s acceleration, ii; denotes the input ground acceleration, w, = JVki/myis
the undamped frequency (where m, is the mass and k, is the stiffness), and é&; = ¢;/2m, w, is the nominal
viscous damping ratio of the SDOF oscillator i.e., primary structural system.

2.1.2 SDOF structure with tuned mass damper

The seismic response of a SDOF structure with a TMD, as depicted in Figure 1b, can be computed with the
formulation presented by [39]:

iy = —iig — 2§ w11y + Y280, (U, —1y) — wiuy +yws(uy —uy) (2)
i, = —2&w,(Uy —1y) — w%(uz —Uy) (3)

In the system of Egs. (2) and (3), ii, represents the TMD system’s acceleration, w, = m is the
undamped frequency (where m, is the mass and k,, is the stiffness of the TMD system), and &, = ¢, /2m,w,
is the nominal viscous damping ratio of the TMD system. On the other hand, in Eq. (2), y = m,/m, is the
mass ratio between the TMD system and SDOF oscillator.

Notice that when the parameter y is equal to zero into Eqg. (2), the formulation proposed in the literature for
the case of the elastic SDOF oscillator is obtained. Similarly, when the parameter m, = 0 also ii, = 0 and
therefore the Eq. (3) is missing.
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Fig 1. Schematic view of SDOF systems: a) without dampers; b) with a TMD and c) with a PTMD.

2.1.3 SDOF structure with particle tuned mass damper

Analogous to Egs. (2) and (3), the equations of motion for SDOF structures with PTMDs (Fig. 1c), were
formulated in [11] and [36]. The governing set of equations is

iy = —iig — 2§ w11y + Y280, (T, —1y) — wiuy +yws(uy — uy) (4)
i, = —25wo (U — 1) + .32536031'1(5; 5) — w5 (uy —uy) + Bw3G(6) (5)
il; = —2&w3H(8,8) — w3G(8) (6)

In Eq. (4), ii3 represents the acceleration of the particle; w3 = mare the undamped frequency (where
mg is the mass of the particle and kj; is the stiffness of interaction between the particle and the container),
and &; = c3/2mgw4 is the idealized viscous damping ratio between the particle and the container. In Eq.
(5), B = m3/m, is the mass ratio between the particle and the container. Finally, in Egs. (5) and (6), G(9)
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and H(6, 8) describe the relative displacement § = u; — u, and velocity 5= Uz — U,, of the particle with
respect to the container during the impact process, which are associated with the nonlinear stiffness and
damping of the impact damper ([11,14], Figure 2). When = 0 in Eq. (5) the model given by [39] is
recovered.

According to Figure 2, the PTMD dissipates energy by collision between the particle and the container walls
only when |[§]| — d/2 = 0 (d is the gap clearance between the particle and the container i.e., the length of
the container). As long as no collision occurs between the particle and the container wall (i.e., |6] — d/2 <
0), the PTMD works as a TMD, i.e., the vibration of the primary structural system is attenuated solely through
momentum transfer.

2 H(s,8)
G(5) 4 51(8.8) 4
=)
. i p d
2 2 2 2

Fig 2. Nonlinear functions characterizing G (§) (left) and H(6, 8) (right) between the particle and the
container[11, 14].

2.1.4 Solving scheme for differential equations

The solution of Egs. (1) to (6) were obtained through a numerical scheme based on the explicit (fourth order)
Runge-Kutta method [40]. A time integration step (At) equal to 10~* s was used for the integration of the
entire recording of each narrow-band ground motion.

2.2 Analysis of 11- and 17-storey elastic frames

The frames analyzed in this study are representative of buildings with fundamental periods of 1.4 and 2 s,
respectively, having a plant of 12x12 m?. The height of all stories is 3 m high (see Figure 3). These structural
periods fall within the range where resonance phenomena are typically observed in soft-soil sites like
Mexico City during narrow-band seismic events. Thus, these configurations not only reflect realistic urban
typologies but also enable a meaningful comparison between simplified SDOF models and more complex
MDOF responses when equipped with PTMD or TMD systems. The cross-sections of the girders vary from
0.2x0.4 m at the lower levels, to 0.3x0.5 m at the top stories. The dimensions of the columns vary from
0.5x0.5 m at the first stories, to 0.4x0.4 m at the top levels. These dimensions and material properties,
including the modulus of elasticity, were selected to ensure that the structural periods of the frames
matched the target values of 1.4 sand 2.0 s. Adamping ratio of 5% of critical was assumed for the structural
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frames, which corresponds to commonly accepted values in seismic analysis of elastic reinforced concrete
buildings. This value is used to represent the inherent energy dissipation typically observed in mid- and
high-rise structures under moderate to strong shaking. A total weight W, of 9,456 and 24,590 kN was
obtained for the 11- and 17-storey elastic frames, respectively.
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Fig 3. Geometries and properties of buildings under study.

The response of the frames without a damper was compared with that of similar systems with TMDs and
PTMDs at their tops. The TMD and PTMD devices were represented by an equivalent SDOF system
suspended on the top of the primary structure by two steel bars with the same length L, as shown in Fig. 3,
top right corner. The length of each steel bar is considered equivalent to that of a single pendulum
computed as:

oo
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In Eq. (7), T, = 2m/w, is the natural period of the TMD device or the container of the PTMD device and g is
the acceleration due to gravity. As will be shown in sections 3.2 and 3.3, using period ratios between the
container and the frame T, /T; of 0.6 and 0.7, values of T, = 1.4 X 0.6 = 0.84sandT, =2 X 0.7 = 1.4 s are
computed, for the 11- and 17-storey elastic frames, respectively. Therefore, values of L equal to 0.175 and
0.487 m are obtained for such frames.

The equivalent lateral stiffness k, given by the two steel bars, which consider the interaction between the
TMD system or the container of the PTMD device and the primary structural system, is computed as

ky = 2k, (8)

In Eq. (8), k., = 3EI/L3, E and I are the lateral stiffness, the modulus of elasticity and inertial moment,
respectively, of each bar suspended on the top of the primary structure.

The upper ends of the steel bars are fixed in the primary structure; while their lower ends are joined to the
container box by rigid joints so that they remain rigidly connected during the analysis; the mass of the
container m, is proportionally concentrated at the ends (detail A in Fig. 3). Finally, in the case of PTMD
device, to model the interaction between the particle and the container walls, tension/compression (T/C)
isolator links between the particle and the container walls were used (detail A in Fig. 3, [41]), which allow
free separation when the particle moves within the distance d/2 (i.e., the half of the gap clearance between
the particle and the container), but come into contact when the particle collides with the container wall
(i.e., |6] —d/2 = 0). These T/C isolator links are capable to simulate the impact transmission due to
collision between the mass of particle m; and the container wall with a certain stiffness k3 and damping
constant ¢z = 2m3 &3w5 according to the required characteristics of interaction between the particle and
the container given by Egs. (5) and (6). This allows to model the dissipation of energy due to impact forces
between the particle and the container walls. In this study, a small damping ratio {3 = 0.004 was used for
the particle, following previous works (e.g., Lu et al., 2012), in which the particle is assumed to move nearly
freely inside the container until impact. This value captures the low internal damping during free motion
and allows energy dissipation to be realistically concentrated during collisions.

3. Studycases

First, the earthquake-induced response of single-story buildings equipped with PTMDs is studied to
determine suitable parameter values for these damping devices to control lateral displacements under
narrow-band seismic excitations. Then, the response of 11- and 17-storey three-bay reinforced concrete
linear frames with PTMDs and TMDs and without them are analyzed considering such suitable parameters.
Finally, conclusions are given based on the results.

3.1 Strong ground motions

The earthquake-induced response of SDOF structures with TMDs and PTMDS during narrow-band ground
motions is highly sensitive to spectral acceleration, duration, and frequency content, as well as other
intensity measures. The influence of the frequency content of the ground motion on the SDOF structure




Journal of Seismic Response Control Systems, Vol. 1, pp. 1-24, 2025
https://doi.org/10.65423/0p52sc25

response is accounted for in this study by using two different narrow-band seismic records, representative
of high-intensity motions obtained at CH84 and SCT stations, which are installed over soft soil sites. Both
stations are situated on clay soils, known as the lakebed zone in Mexico City. These stations are of particular
importance since they recorded the most intense and destructive seismic motions in Mexico City. The first
one corresponds to a seismic event of M,,, = 7.1, occurred in September 19, 2017 (CH84-17). The second
one corresponds to the seismic event occurred in September 19, 1985 (SCT-85), with magnitude M,,, = 8.1.
Figure 4 displays the SA acceleration (left) and SD displacement (right) response spectra of the records
used in this study. These depictions show that the soil dominant period, T, is about 1.4 and 2 s for sites
CHB84 and SCT, respectively. This means that frequency ratios between the predominant frequency of the
ground earthquake excitation and the predominant frequency of each building under study is close to unity.

(a) (b)

16 , ; ‘ ‘ ‘ ‘ . 1.2
CH84-17
scT-85 | | o

121

0 05 1 15 2 25 3 35 4
Tl(b)

Fig 4. Acceleration (SA, left) and displacement (SD, right) response spectra of input ground motions in
Mexico City.

3.2 Earthquake-Induced Dynamic Response OF SDOF structures

The earthquake-induced response of SDOF structures with PTMDs during narrow-band ground motions,
which could improve the performance of new structures or existing structures in Mexico City (see Figure 1),
is exemplified. For all SDOF systems, the periods of T; were considered equalto 1.4 and 2 s, for CH84 and
SCT sites, respectively. The damping ratio {; was assumed equal to 5% of critical.

3.2.1 Parameters Influencing PTMD’s Response

The response of the systems without dampers were compared with that of similar systems with added
TMDs and PTMDs at their tops. The influence of the following four system parameters on the vibration
control effects is investigated: (1) the period ratio between the PTMD container and SDOF oscillator, T, /Ty;
(2) the period ratio between the particle and the container T3 /T,; (3) the mass ratio between the container
and SDOF oscillator m, /my; and (4) the mass ratio between the particle and the container ms/m,. Figures
5(a)-5(d) show the effect of these ratios (T, /Ty, T3/T,, m,/m,, ms/m,) on the maximum displacement u,
of the SDOF systems with PTMDs (solid lines) subjected to the motions CH84-17 (left, system with T; =
Ts = 1.4 s) and SCT-85 (right, system with T; = T, = 2 s) considering a range of gap clearance between the
particle and the container 0.1 < d < 1 mi.e., the length of the container. The dashed and dash-dotted lines
in each plotin Fig. 5 are the response of SDOF systems and SDOF systems with TMDs, respectively.
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From Figs. 5a-5d, the following observations are made:

1.

The influence of the period ratio T, /T; is significant in the PTMD’s response. As shown in Fig. 5a,
when the period ratio T, /T; is less than 1 and d values are small, the system with PTMDs achieves
smaller displacements with respect to those with TMDs or simply SDOF. For instance, for period
ratio values T, /T, of approximately 0.6 (left, system T; = 1.4 s subjected to motion CH84-17) and
0.7 (right, system T; = 25s) subjected to motion SCT-85), the lowest values of maximum
displacements u, are reached. However, it is important to note a special case (left panel, system
with T; = 1.4 s subjected to CH84-17 ground motion) in which the use of a PTMD can still be
recommended when T,/T; 1 and d is large, as this combination results in minimal
displacements. Additionally, notice that an increase in period ratio T, /T (i.e., T, /T; > 1.5) leads to
increasing displacements, reaching a TMD’s behavior.

The period ratio T3 /T, is another important parameter. In Fig. 5b can be appreciated that as the
period ratio T3 /T, increases (T3 /T, > 1), the maximum displacements also increase for the system
subjected to CH84-17 (Fig. 5b left) and SCT-85 (Fig. 5b right) motions. On the contrary, when the
period ratio T3 /T, is less than 1, as well as for small d values, the system with PTMDs achieves
smaller displacements with respect to those with TMDs or simply SDOF systems.

The mass ratio m,/m; is another key factor. In Fig. 5¢ can be seen that for mass ratio values m, /m,
larger than 0.1 and small d values, smaller displacements can be achieved with respect to those
with TMDs or simply SDOF systems.

Finally, the mass ratio m3/m, is a key factor as well. Analogous to Fig. 5c, in Fig. 5d can be seen that
for mass ratio values ms/m, larger than 1 and small d values, smaller displacements can be
achieved with respect to those with TMDs or simply SDOF oscillators.

Appendix A shows plots of the maximum container displacements u, versus each of the four
parameters analyzed in Fig. 5. The curves in this appendix show comparable trends to those in Fig.
5.

The configurations that achieved the lowest peak displacements in the SDOF simulations were selected as
the basis for the PTMD and TMD properties implemented in the MDOF building models. Although no formal

optimization algorithm was used, this parametric approach ensured that the adopted values were among

the most effective combinations for the selected seismic inputs.

10
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Fig 5. Contours of maximum displacements u, (in meters) for SDOF systems without dampers (dashed
line), with TMD (dash-dotted line) and with PTMD (solid lines) subjected to the motions CH84-17 ( left,
T; = 1.4 s) and SCT-85 (right, T; = 2 s) considering the effects of: (a) the period ratio between the
container and the SDOF oscillator T,/T; withy = m,/m; = 0.2; B = m3/m, = 1; (b) the period ratio
between the particle and the container T3 /T, withy = m,/m; = 0.2; § = m3/m, = 1; (c) the mass ratio
between the container and SDOF oscillator m,/m; with § = m5/m, = 1; and (d) the mass ratio between
the particle and the container mg/m,, y = m,/m,; = 1. For cases (b)-(d), values of T, = 0.6T; = 0.6 s and
T, =0.7T; = 0.7 saswellas §; =&, = 0.05and &; = 0.004 for the system subjected to CH84-17 and SCT-
85 motions were considered, respectively.
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3.2.2 Displacement time histories of the primary structural system

The displacement history-time response of SDOF systems subjected to the ground motion recorded at
CH84 (PGA = 0.23g; Figure 6a, left) and SCT (PGA = 0.16g; Figure 6b, right) stations from the September
19th, 2017, M,, 7.1 intermediate depth instraslab and September 19th, 1985, M,, 8.1 subduction interface
earthquakes, respectively, are shown in Figure 6 (input ground motions are shown in the 1st row from top).
The frequency content of these narrow-band ground motions plays a key role in the displacement demand.
For example, it is observed that displacements are larger for the SCT site (i.e., low frequency ground motion
around 0.52 Hz, right) than those for the CH84 site (i.e., high frequency ground motions around 0.76 Hz,
left). Also, this figure shows how the participation of the TMDs (3rd row from top) but mainly the PTMDs (4th
row from top) could have an important effect in inducing smaller maximum displacements in the structure
compared with the SDOF system without dampers (2nd row from top). Additionally, a direct comparison of
the response of SDOF with TMDs and PTMDs is shown with the response of the SDOF system without
dampers (gray lines). Results illustrate that displacement for SDOF system decrease significantly if the
SDOF system is couple with TMDs (3rd row from top) and PTMDs (4th row from top).

(a) (b)
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SDOF
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Fig 6. Displacement history-time response of SDOF systems subjected to the September 19th 2017 and
September 19th 1985 earthquakes recorded at stations (left) CH84 with PGA = 0.23g,T; = 1.45s, T, =
0.6Ty, T3 =T,,y =02, =1,d = 0.2m; and (right) SCT with PGA = 0.16g, ,Ty = 25, T, = 0.7T;, T3 =
T,y =0.2,8 =1,d = 0.2 m. 1st row from top: input ground motion; 2nd row from top: SDOF without
dampers; 3rd row: SDOF with TMD and 4th row: SDOF with PTMD.
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3.2.3 Acceleration time histories of the primary structural system

Analogously to Figure 6, the acceleration history-time response of SDOF systems subjected to the ground
motion recorded at CH84-17 and SCT-85 stations, are shown in Figure 7 (input ground motions are shown
in the 1st row from top). The participation of the TMDs (3rd row from top) but mainly the PTMDs (4th row
from top) have an important effect in reducing vibration effects, inducing smaller floor accelerations in the
structure compared with the SDOF system without dampers (2nd row from top). Also, a direct comparison
of the response of SDOF system with TMDs and PTMDs is shown together with the response of the SDOF
without dampers (gray lines). Results illustrate that acceleration for SDOF system decreases significantly if
the SDOF system is coupled with TMDs (3rd row from top) and PTMDs (4th row from top).
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Fig 7. Acceleration history-time response of SDOF systems subjected to the September 19th 2017 and
September 19th 1985 earthquakes recorded at stations (left) CH84 with PGA = 0.23g,T; = 1.4s,T, =
0.6T;, T3 =T,,y = 0.2, =1,d = 0.2 m; and (right) SCT with PGA = 0.16g,T; = 25, T, = 0.7T;, T3 = Ty,
y=0.2,6=1,d = 0.2 m. 1st row from top: input ground motion; 2nd row from top: SDOF without
dampers; 3rd row: SDOF with TMD and 4th row: SDOF with PTMD.

3.2.4 Response spectra of a SDOF system with PTMD

To depict the influence of the frequency content of the narrow-band ground motions at the seismic
response of a SDOF system with PTMD, the study uses a set of synthetic ground motions computed in

13


https://doi.org/10.65423/0p52sc25

Jaimes M. and Godinez. F.

accordance with 2023 Mexico City Seismic Design Provisions [42] for each study site. The seed ground
motions were obtained from CH84 and SCT stations recorded on September 19th, 2017 and September
19th, 1985, respectively. These design ground motions preserve the main characteristics of the seed
records; for instance, the frequency content and intensities take into account the variation of soil dominant
period, Ts, due to the drying process that occurs in the lacustrine zone of the city. In Figure 8 the SA
acceleration (up) and SD displacement (bottom) seismic response of a SDOF system with PTMD as
described by Egs. (4) to (6) (blue lines) is compared with the response of the same simple SDOF system
computed by Eq. (1) (pink lines) subject to the synthetic ground motions for CH84 (Fig. 8a) and SCT (Fig. 8b)
sites. The first observation in Fig. 8 is that, for both study sites, the SDOF system with PTMD (blue lines) is
effective in reducing peak accelerations and displacements when the ratio between predominant
frequencies of the ground earthquake excitation and the main system are close to unity i.e., T; /T,~1. The
second observation in Fig. 8 is that this situation reverts to frequency ratios far from unity e.g., T, /Ts > 1, at
which time the SDOF system with PTMD can result in larger displacements and accelerations.

(a) (b)

CH84 SCT
1.6 _— 16 —_—
SDOF
12+ PTMD | | 12t
=
< 0.8
n
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0
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1 1t
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Fig 8. Response spectra of a simple SDOF system (pink lines) and a SDOF system with PTMD (blue lines)
subjected to a set of design accelerograms associated to a return period of 250 years: (a) CH84 with T, =
0.6Ty, and (b) SCTwith T, = 0.7T; For allcases, valuesof T3 = T,,y =02, =1,d =02m, & =&, =
0.05 and &; = 0.004 were considered.

3.3 Earthquake-Induced Dynamic Response of11- AND 17-storey elastic frames

The earthquake-induced response of multiple-story buildings (MDOF) with PTMDs during narrow-band
ground motions, which could improve the performance of new structures or existing structures in Mexico
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City (see Figure 3), is illustrated. In this study, 11- and 17-storey elastic frames with periods T; of 1.4 and 2
s, for CH84 and SCT sites, are considered respectively. The damping ratio £; was assumed equal to 5% of
critical. More details are presented in Section 2.2.

3.3.1 Displacement time histories of the primary structural system

The response at the top of the 11-storey elastic frame when subjected to the ground motion recorded at
CHB84 station (PGA = 0.23g; left) and the response at the top of the 17-storey elastic frame when subjected
to the ground motion recorded at SCT station (PGA = 0.16g; right) corresponding to the September 19th,
2017 and September 19th, 1985 earthquakes, respectively, are shown in Figure 9 (input ground motions are
shown in the 1st row from top). The properties of the TMDs and PTMDs were defined in terms of their mass
ratios with respect to that of the main frame (y = 0.2 for both frames), their damping values (§; = &, = 0.05
and &3 = 0.004), by the ratios of their natural periods to that of the frame (T, = 0.6T; = 0.84s and T, =
0.7T; = 1.4 sfor 11- and 17-storey elastic frames, respectively), by the ratios of their particle periods to that
of the container (T3 =T, = 0.84s and T3 =T, = 1.4 s for 11- and 17-storey elastic frames, respectively)
and by the gap clearance between the particle and the container (d = 0.2m). As described in the previous
section, the TMDs and PTMDs and parameters used were found to be adequate to control lateral
displacements of SDOF systems. Therefore, the response of elastic frames is compared with the response
of such SDOF systems (dashed lines). Results of displacement time histories at the top of the primary
structural system (i.e., 11- and 17-storey elastic frames, solid lines) are consistent with that computed with
the responses of SDOF systems (dashed lines). This verifies that the model used to represent the PTMD
device successfully matched results by Eq. (3). This also shows that the use of PTMD devices effectively
reduce the lateral response of the primary structural system when subjected to narrow-band seismic
excitations, mainly when frequency ratios between the predominant frequency of the ground earthquake
excitation and the predominant frequency of the building is close to unity and the first mode of the frame
becomes dominant.
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Fig 9. Displacement history-time response of 11- and 17-storey systems at the top subjected to the
September 19th 2017 (left) and September 19th 1985 (right) earthquakes, respectively, recorded at CH84
station with PGA = 0.23g,Ty =1.45,T, = 0.6T;, T3 =T,,y = 0.2, § = 1,d = 0.2 m; and SCT station with

PGA=0.16g9,T, =25,T, =0.7T;, T3 =T,,y = 0.2, = 1,d = 0.2 m. 1st row from top: input ground
motion; 2nd row from top: frame without dampers; 3rd row: frame with TMD and 4th row: frame with
PTMD. The solid and dashed lines in each plot are the response of MDOF and SDOF systems, respectively.

3.3.2 Acceleration time histories of the primary structural system

Similarly, to Fig. 9, the acceleration time-history response at the 11- and 17-storey elastic frames subjected
to the ground motion CH84-17 (Figure 10a, left) and SCT-95 (Figure 10b, right), are shown in Figure 10 (input
ground motions are shown in the 1st row from top). The properties of the TMDs and PTMDs were defined
previously. Additionally, the response of elastic frames is compared with the response of SDOF systems
(dashed lines). Evidently, acceleration time histories at the top of the primary structural system (i.e., 11-
and 17-storey elastic frames) are in good agreement with those computed for SDOF systems. Again, this
validates the model (Egs. (4) to (6)) used to represent the PTMD. Also, it is clear that the use of PTMD devices
could reduce the floor acceleration of the primary structural system when subjected to narrow-band
seismic excitations, mainly when frequency ratios between the predominant frequency of the ground
earthquake ex-citation and the predominant frequency of the building is close to unity and the first mode of
the frame becomes dominant.
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Fig 10. Acceleration history-time response of 11- and 17-storey systems at the top subjected to the
September 19th 2017 (left) and September 19th 1985 (right) earthquakes, respectively, recorded at CH84
station with PGA = 0.23g,Ty =1.45,T, = 0.6T;, T3 =T,,y = 0.2, 8 = 1,d = 0.2m; and SCT station with

PGA =0.16g9,T, =25,T, =0.7T;, T3 =T,,y = 0.2, = 1,d = 0.2m. 1st row from top: input ground
motion; 2nd row from top: frame without dampers; 3rd row: frame with TMD and 4th row: frame with
PTMD. The solid and dashed lines in each plot are the response of MDOF and SDOF systems, respectively.

3.3.3 Peakresponse along the height of the buildings

Results for the structural response of the 11- and 17-storey buildings discussed above can be directly
observed in Fig. 11, where the median peak response along the height of the buildings is shown for the
synthetic ground motions described previously. Figure 11 shows an evident decrease in the median peak
displacement when the buildings are provided with TMD (solid green lines) and PTMD (solid pink lines)
systems versus the case without damper (solid blue lines). Therefore, using TMD or PTMD systems is a very
effective measure to reduce peak responses along the height of the buildings when they are subjected to
narrow-band ground-motions, especially for T; /Ts~1 and for the first mode of the frame being dominant.
Additionally, it can be observed that smaller displacements are achieved with the use of PTMD systems for
the synthetic ground motions. The standard errors, o, are 0.40,0.36 and 0.22 for 11-storey buildings without
damper, TMD and PTMD, respectively. Similarly, o values are 0.44, 0.38 and 0.24 for 17-storey buildings
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without damper, TMD and PTMD, respectively. This means that buildings with PTMDs are more reliable than
those with TMDs or without dampers.

CHB84 SCT
1 17
087 0.8}
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Fig 11. Median peak displacement response along the relative height (z/H) of the 11- and 17-storey
buildings studied in the previous sections under the set of synthetic ground motions: blue, green, and pink
lines correspond to the cases without damper, with TMD and with PTMD, respectively.

Conclusions

This study evaluates the effectiveness of Particle Tuned Mass Dampers (PTMD) in reducing maximum lateral
displacements and accelerations in buildings subjected to narrow-band seismic excitations. Three
configurations were analyzed: 1) a single-degree-of-freedom (SDOF) system without dampers; 2) a SDOF
system with a Tuned Mass Damper (TMD); and 3) a SDOF system with a PTMD. Five key parameters seem to
characterize the response of the SDOF system with a PTMD. (1) The period ratio between the PTMD
container and SDOF oscillator, T, /Ty; (2) the period ratio between the particle and the container, T3 /T,; (3)
the mass ratio between the container and SDOF oscillator, m,/m;; (4) the mass ratio between the particle
and the container, my/m,; and (5) the gap clearance between the particle and the container, d. When
T,/T; < 1 and d is small, the system with PTMD achieves smaller displacements than those with TMD or
simply SDOF. When T5/T, > 1, the SDOF maximum displacements tend to increase. When m,/m; > 0.1
and d is small, smaller displacements can be achieved with respect to those with TMD or simply SDOF
systems. When m3/m, >1 and d is small, smaller displacements can be achieved with respect to those
with TMD or simply SDOF oscillators.

The results show thatthe dynamic responses of 11-storey and 17-storey elastic frames equipped with TMDs
and PTMDs align well with those predicted by the governing equations of the corresponding SDOF models.
Therefore, the simplified model used to characterize the PTMDs in buildings proves to be reliable and
effective. This strongly supports the use of simplified SDOF-based analyses as a valid and practical tool for
preliminary PTMD design in multi-degree-of-freedom structures. In particular, PTMDs can effectively
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reduce the lateral response of the primary structural system when the frequency ratio between the
predominant ground motion and the building approaches unity and the first mode dominates the response.

Furthermore, the results indicate a clear reduction in median peak displacements when PTMDs or TMDs
are implemented, compared to the case without any damping device. PTMDs also tend to reduce floor
accelerations under narrow-band seismic excitations, especially when the ground motion frequency and
the building's natural frequency are close. Although PTMDs may sometimes offer slightly less reduction
than conventional TMDs, they still present a viable and efficient alternative for passive control under
narrow-band seismic conditions.

The findings of this study offer valuable guidance for practicing engineers in assessing the feasibility of
implementing PTMDs in new or existing structures exposed to narrow-band earthquake excitations. The
parametric insights, supported by comparisons with realistic building models, provide a practical and
technically sound foundation for the design and deployment of PTMDs, especially in highly seismic areas
like Mexico City, where the dominant frequency content of ground motions can coincide with the natural
periods of buildings, making effective vibration mitigation not only beneficial but essential.
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Appendix A. Contours of maximum displacements of the container

Additional figures are presented to illustrate the maximum displacements of the PTMD container u,, as a
function of four key system parameters that influence the vibration control performance of PTMDs. As
shown in Figure A1, the displacement u, of the PTMD container can be comparable to—or even exceed—
the displacement of the primary structure u, (see Figure 5), particularly when the system is not optimally
tuned. For example, in panels (a) and (b), large values of u, (close to or above 1.0 m) occur when the period
ratios T, /T;=1 or T3 /T,>1, especially for large gap values d. This behavior is indicative of inefficient energy
transfer and potential internal resonance within the PTMD.

Conversely, under favorable configurations—such as T,/T;<1, m,/m,>0.1, and small values of d—the
displacement of the container u, remains moderate (typically u,<0.6 m), while achieving significant
reduction in the response of the main structure. These findings underscore the importance of carefully
selecting the tuning parameters to limit excessive internal motion and ensure optimal energy dissipation
through the PTMD system.
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Fig A1. Contours of maximum displacements of the container u, (in meters) for SDOF systems with PTMD
(solid line) subjected to the motions CH84-17 ( left, T; = 1 s) and SCT-85 (right, T; = 2 s) considering the
effects of: (a) the period ratio between the container and the SDOF oscillator T,/T;; (b) the period ratio
between the particle and the container T3 /T,; (c) the mass ratio between the container and SDOF
oscillator m,/m4; and (d) the mass ratio between the particle and the container ms/m,. Properties
similar to those of Figure 5 were considered.
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