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Abstract

Near-fault ground motions, characterized by pronounced pulse and forward-
directivity effects, present significant challenges to dampers’ effective performance in
controlling seismic activity. This study provides an in-depth analysis of the influence
of near-fault pulse-type ground motions’ characteristics on the concentration of peak
responses in multi-story steel frame structures, the distribution patterns of weak layer
locations, and Tuned Viscous Mass Dampers’ (TVMDs) effective control. The results
indicate that near-fault ground motions’ pulse effect, forward-directivity effect, and
spectral coefficients affect the distribution of maximum inter-story drift ratios along the
building height significantly. Notably, the forward-directivity effect amplifies struc-
tural responses and diminishes TVMDs control’s effectiveness. In addition, ground
motions with smaller spectral coefficients lead to larger inter-story drift responses.
The effectiveness of TVMDs’ “damping enhancement” effect is determined jointly

by their mass ratio and the pulse period of the ground motion records. This study
provides important theoretical foundation for the seismic design of multi-story steel
frame structures and the earthquake-reduction design using TVMDs under near-fault
ground motions.

1. Introduction

Currently, in the field of structural vibration control technology, passive control
methods that use Tuned Mass Dampers (TMD) are applied widely by incorporating
tuning devices within structures [1—7]. Traditional vibration control methods with
TMDs demonstrate optimal performance as the tuning mass increases. However,
practical applications are often limited by the tuning mass available. To address this
issue, Saito et al. [8] and lkago et al. [9,10] proposed Tuned Viscous Mass Damp-
ers (TVMDs). This device comprises one elastic element, one damping element,
and a rotating mass element constructed from a flywheel, which Smith et al. [11]
defined later as “inerter”. The inertial mass element is connected to the flywheel with
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materials such as gear racks or screw ball bearings, and provides an inertial control
force that is proportional to the relative acceleration at both ends. This proportionality
coefficient is referred to as the characterization mass (or inertial coefficient). Through
mechanical design, the inertial element’s characterization mass can reach over a
thousand times its physical mass [12].

The principal trends in the research on TVMD can be summarized into four cat-
egories: (1) parameter optimization; (2) performance simulation; (3) combination of
TVMD with other dampers, and (4) practical engineering applications. Optimizing
TVMD’s parameters is the first step in ensuring their superior performance. Various
classical optimization techniques, including fixed-point theory (H_ optimization) [9],
H, optimization [13,14], acceleration response control optimization [15], dual control
optimization for displacement and acceleration responses [16], effective damping
ratio optimization [17], and energy dissipation maximization [18], have led to closed-
form solutions for the optimal frequency ratio and damping ratio. Further, several
numerical optimization programs that consider different optimization objectives have
been proposed [19-21]. Numerical studies have been conducted on TVMD’s vibra-
tion control performance in both linear and nonlinear structural systems [10,22—-26].
Other researchers have focused on novel tuned mass dampers that replace tradi-
tional damping elements with TVMD [27-31]. Moreover, cross-layer, multi-modal,
and nonlinear TVMD have also garnered attention [32—34]. With respect to practical
engineering applications, the first civil engineering structure in the world that used an
inertial damping system was the Sendai NTT building [35].

There are various types of pulse excitations in practical applications, such as near-
fault ground motions [36—39] and transient gusts [40—42]. Compared to stationary
excitations, near-fault pulse-type ground motions, characterized by short duration and
high energy input, produce stronger dynamic responses and are more likely to cause
severe structural damage. Therefore, controlling the peak responses under pulse
excitations is one of the most important current challenges. Some researchers have
investigated tuned dampers’ seismic control performance under the influence of near-
fault pulse-type ground motions in response to excessive vibration [43—52]. Although
the use of tuned dampers to control structural seismic responses is no longer an
innovative application, there is currently a lack of research on TVMD’s effectiveness
in controlling structural responses specifically under near-fault pulse-type ground
motions. Moreover, there is a particular scarcity of investigations into the correlation
between TVMD’s performance and the characteristics of near-fault pulse-type ground
motions. Specifically, there is a significant gap in understanding the impact of char-
acteristics such as pulse period, forward-directivity effects, and spectral coefficients
PGA/PGV (Peak Ground Acceleration, PGA; Peak Ground Velocity, PGV), on the
damping control performance of TVMDs. Thus, the effectiveness of the “damping
enhancement” that TVMD provide under such conditions warrants further systematic
study. In addition, research on near-fault pulse-type ground motion characteristics’
effect on the concentration of responses and the distribution of weak layer locations
(the floors in a multi-story steel frame structures where the maximum inter-story drift
ratio occurs under near-fault ground motions) remains insufficient.
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This study selected 288 near-fault ground motion records as excitation inputs and uses OpenSees to conduct dynamic
time history analyses on a typical multi-story steel frame structures equipped with TVMD, Viscous Dampers (VDs), and no
damping devices. The analysis investigates the effects of pulse period, forward-directivity effects, and spectral coefficients
PGA/PGV on the concentration of peak structural responses and the distribution patterns of weak layer locations along
the building height. Based upon the “damping enhancement” effect, the damping control’s sensitivity to ground motion
characteristics (such as pulse period, forward-directivity effects, and spectral coefficients PGA/PGV), damper types, and
mass ratios, and its effectiveness is examined. By comparing TVMD and VD'’s responses, their efficiency in absorbing and
dissipating seismic energy under different mass ratios and seismic conditions, this study explores the relation between
TVMD’s “damping enhancement” effect and structures’ nonlinear development. In addition, the influence of pulse period,
forward-directivity effects, and the spectral coefficients, PGA/PGV, on the effectiveness of the “damping enhancement”
that TVMD provide is analyzed and discussed.

2. Characteristics of near-fault ground motions

Near-fault ground motions exhibit more complex seismic characteristics than far-field ground motions, and primarily
include the following: velocity pulse effect; directivity effect; hanging wall effect; fling-step effect, and concentration of
near-field ground motions [53-55].

The velocity pulse effect arises from two primary causes: first, the directivity effect associated with the rupture, which
manifests as bidirectional velocity pulses that occur predominantly in components perpendicular to the fault direction.
Notably, pulses recorded during the forward directivity effect are more pronounced than those recorded during the backward
directivity effect. Second, the effect can also be attributed to permanent ground displacement, which results in unidirectional
velocity pulses observed primarily in components parallel to the direction of the fault slip [56]. When a fault ruptures, the
seismic waves generated by the sub-sources propagate toward the rupture front at approximately shear wave velocities,
which causes their energy to arrive at the fault zone simultaneously within a short time. This rapid accumulation of energy
leads to a high-amplitude and short-duration pulse effect, referred to as the “forward-directivity effect [57].” The ratio of PGA/
PGV reflects the ground motion’s dominant frequency and energy components, and serves as a measure of the seismic
signal’s spectral characteristics. Seismic motions characterized by intense acceleration and longer durations typically exhibit
lower PGA/PGYV values, as observed in near-fault pulse-type ground motions rich in low-frequency components. Conversely,
ground motions with higher frequencies and shorter durations tend to have larger PGA/PGV values.

3. Design and modeling of structures with tvmd damping systems

According to reference [23], the motion equations of the shear-type multi-degrees-of-freedom system with an attached
TVMD under seismic acceleration excitation can be expressed by Eq. (1):

MX + Cx + Kx = —MrXq (1)

In the equation, x =[x, xd]T is the displacement response x; of the seismic-resistant structure and the relative dis-
placement x4 of the attached TVMD; x and x are the acceleration and velocity response of the structure, respectively;
r=[1,---,1,0,--- ,O]T is the ground motion identification vector, and M, C, and K are the mass, damping, and stiffness
matrices of the system, respectively.

Mg 0 Cs 0 Ks + Kai1  Kai2
M — S , c — S , K — S
[ 0 MJ { 0 Cd] [ K21 Ka22 (2)

In the equation, Ms, Ks, and Cs are the mass, damping, and stiffness matrices of the structure, respectively;
My = diag {mq}, Cq = diag {cq}, and Kq2> = diag {kq} are the mass, damping and stiffness matrices of the TVMD,
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respectively. The construction of the additional stiffness matrices Ky;1, Kq12, and Kgo1 is the same as in reference [23]. The
deformation of the TVMD can be approximated by the inter-story displacement difference. Therefore, in the preliminary
design, the mode-shaped vector was obtained by performing a mode-shaped analysis of the seismic structure. The mode-
shaped mass myq; corresponding to the /" mode shape with the installed TVMD is estimated using Eq. (3).

Mai(ji— dji)” = My (3)

In the equation, ¢;; and ¢;;_, are the " and (i-1)" elements of the mode shape vector &;, respectively. Then, the modal
mass ratio fi4;; of the TVMD is given by

~ A T
fidji = md,j,-/ ((I)j Ms(I’j> (4)

Combining Egs. (3) and (4), the modal mass ratio ;4 of the TVMD can be used to obtain the apparent mass my,; of the
TVMD. The design stiffness kg,; and design damping coefficient cq4; of the TVMD can be obtained using Egs. (5) and (6),
respectively.

kd,i = oPtﬁngj-de,i (5)

Cai = 2°P'(q %P By jwjma,i (6)
In the equation, °P'34; and °P'(y; are the optimal frequency and damping ratio of the TVMD, respectively. Based on the

fixed-point theory, numerous researchers have proposed various design formulas. In this paper, the parameters were
calculated using the results proposed by lkago et al. [23].

opt L 1 optr, . _ Hd 31
Baj = = PG = 3/ ) i) @)

The specific parameter design process is shown in Fig 1.

‘ Perform modal analysis on the seismic-resistant structures ‘

| Modal mass ratio ‘ | Natural frequency and mode shapes ‘ | Eq.(4) I
|
‘ Eq.(3) | | Mod;:;mass | | Calculate mode shape difference |

[ |
A

I Eq.(5), Eq.(6) | ‘ Apparent mass ‘ ‘ Eq.(7) ‘

[ J

\ 4

| Design stiffness and design damping ‘

Fig 1. The Flowchart of TVMD Parameter Design Process.

https://doi.org/10.1371/journal.pone.0322535.9001
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4. Influence of ground motion characteristics on the distribution patterns of maximum responses in
seismic structures

This study focuses on a comprehensive teaching building at a vocational school, which consists of six stories above
ground, each with a height of 3.6 meters. One of the transverse frames is selected as the computational unit, as illustrated
in Fig 2. Modeling and analysis are performed using OpenSees finite element software. Detailed information about the
structure and model can be found in reference [47]. The relation between the additional damping ratios of VD and TVMD
is established as follows: ¢TYMP = ¢YP. To illustrate the mass ratio’s effect on TVMD’s damping performance visually, the
VD’s additional damping ratio is expressed in terms of the mass ratio that corresponds to the same additional damping
ratio of the TVMD.

Following the recommendations of Connor et al. [56], peak-to-peak velocity (PPV) pulse identification is performed on
near-fault ground motions to calculate the normalized cumulative squared velocity (NCSV). The differences in NCSV are
then used to determine whether the near-fault ground motion records exhibit significant pulsing characteristics. Based
on the aforementioned criteria for selecting ground motion records, 288 near-fault pulse-type ground motion records
(S1 Table) are obtained from the Pacific Earthquake Engineering Research Center (PEER), with detailed information pro-
vided in reference [56].

4.1. Influence of pulse period on the distribution patterns of maximum responses in seismic structures

The pulse period, Ty, is a key parameter of near-fault pulse-type ground motions that influences maximum structural
responses’ distribution patterns significantly. Based upon the different ratios of T, /T, (in which T; is the structure’s funda-
mental period and T, is the ground motion records’ pulse period), the 288 near-fault pulse-type ground motion records are
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Fig 2. Schematic diagram of seismic and energy dissipated structures (Unit: mm).

https://doi.org/10.1371/journal.pone.0322535.9002
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divided into three groups: T, /T, < 0.5 (a total of 164 records), 0.5 < T; /T, <2 (a total of 108 records), and T, /T, > 2
(a total of 16 records) [58]. The pulse period, T, ’s, influence on the distribution patterns of maximum responses in seis-
mic structures under each group of near-fault ground motion records is discussed. Under the design seismic conditions
(PGA=0.30g), the distribution patterns of maximum inter-story drift ratios, maximum accelerations, and maximum dis-
placements along the building height are illustrated in Fig 3.

As illustrated in Fig 3, the vertical axis represents the probability (P = 5, where n is the total number of ground motion
records in which the maximum response occurs at the target location, and N is the total number of ground motion records
in each category), which indicates the likelihood that the maximum response (inter-story drift ratio, acceleration, and
displacement) occurs at the upper, middle, or lower levels. The maximum displacement in seismic structures occurs con-
sistently at the top level, indicating that the ground motion’s pulse period does not influence the probability distribution of
maximum displacement along the building height. Instead, the probability distribution is as follows: when T, /T, < 0.5,
the probabilities of occurrence in the upper (5th-6th floors), middle (3rd-4th floors), and lower (1st-2nd floors) levels are
85%, 11%, and 4%, respectively;, when 0.5 < T, /T, <2, these probabilities are 76%, 16%, and 8%, and when T, /T, > 2,
the probabilities are 81%, 19%, and 0%. This demonstrates that maximum acceleration is highly likely to occur in the
structure’s upper levels. This phenomenon derives from the interaction of several factors, including vibration modes, mass
distribution, seismic wave propagation characteristics, structural stiffness distribution, and dynamic coupling effects. In this
study, the seismic structure’s stiffness decreases progressively from the bottom to the top and results in increased flexibil-
ity in the upper structure, which leads to larger acceleration responses.

The probability distribution of maximum inter-story drift ratios in seismic structures along the building height is as
follows: when T, /T, < 0.5, the probabilities of occurrence in the upper, middle, and lower levels are 6%, 39%, and 55%,
respectively; when 0.5 < T /T, <2, these probabilities are 13%, 51%, and 36%, and when T, /T, > 2, the probabilities
are 50%, 31%, and 19%.

The maximum inter-story drift ratio responses for each group of pulse period near-fault ground motion records are illus-
trated in Fig 4.

As illustrated in Fig 4, the pulse period, T,, of near-fault pulse-type ground motion records in seismic structures influ-
ences the distribution patterns of maximum inter-story drift ratios (6 = A,‘,” where Au; = u;j— ui_; is the horizontal displace-
ment of the ™ floor, defined as the displacement difference between the i and (j-1)"" floors at corresponding locations
in the floor plan; h; is the story height of the " floor) along the building height significantly. When T, /T, < 0.5, T, is long
relative to the structure’s fundamental period and T4, the pulse-type ground motion’s effects, are concentrated in lower
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Fig 3. Distribution probability of maximum responses in seismic structures.

https://doi.org/10.1371/journal.pone.0322535.9003
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Fig 4. Influence of pulse period on the distribution of maximum inter-story drift ratios.

https://doi.org/10.1371/journal.pone.0322535.9004

frequency responses, and lead to maximum inter-story drift ratios concentrated primarily in the lower levels of the struc-
ture. Because of the longer pulse period, the inter-story drift ratios in the upper levels are relatively small, while those in
the lower levels increase significantly, indicating that the pulse-type ground motion has a more pronounced effect on the
lower structure, and could potentially lead to damage.

When 0.5 < T; /T, <2, T, is the near fundamental period, T, of the structure, the ground motion’s pulse effects res-
onate with the structure’s natural frequency, which allows maximum inter-story drift ratios to occur potentially across the
entire height of the structure with a relatively uniform distribution. The resonance effect results in larger inter-story drift
ratios at all levels, particularly in the middle and upper sections. This increased response of the structure overall may lead
to substantial damage or noticeable plastic deformations.

When T, /T, > 2,T,is short relative to the fundamental period, T3, the pulse-type ground motion’s effects cluster in
higher frequency responses, which results in maximum inter-story drift ratios concentrated primarily in the structure’s
upper levels. Because of the shorter pulse period, the inter-story drift ratios in the lower levels remain relatively small,
while those in the upper levels increase significantly, indicating that the pulse-type ground motion has a more pronounced
effect on the upper structure, which potentially could cause damage in the upper portions.

In summary, the pulse period influences the distribution patterns of maximum inter-story drift ratios in seismic structures
significantly, particularly when the pulse period approaches the structure’s natural period, as this condition is prone to
induce resonance effects that increase the structural response substantially. Therefore, in structural design and protective
measures, it is essential to consider the pulse period’s effect adequately and to employ various technical methods to con-
trol inter-story drift ratios effectively, which will enhance the structure’s seismic performance thereby.
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4.2. Influence of forward-directivity effect on the distribution patterns of maximum responses in seismic
structures

The statistical analysis indicates that there are 150 records of near-fault ground motions that exhibit forward-directivity
effects and 138 records that do not. The influence of these two categories of near-fault ground motion records on the
distribution patterns of maximum responses in seismic structures is discussed. Under the design seismic conditions
(PGA=0.30g), the distribution patterns of maximum inter-story drift ratios, maximum accelerations, and maximum dis-
placements along the building height are illustrated in Fig 5.

In Fig 5, it can be observed that the maximum displacement occurs at the seismic structure’s top level, which indicates
that the ground motion’s forward-directivity effect does not affect the distribution probability of maximum displacement
along the height of the structure. The distribution probabilities of maximum acceleration along the structure are as follows:
in the presence of forward-directivity effects, the probabilities of occurrence at the upper, middle, and lower levels are
86%, 11%, and 3%, respectively; without forward-directivity effects, the probabilities are 77%, 16%, and 7%, respectively.
The distribution probabilities of maximum inter-story drift ratios are as follows: with forward-directivity effects, the proba-
bilities at the upper, middle, and lower levels are 6%, 43%, and 51%, respectively, and without forward-directivity effects,
they are 17%, 42%, and 41%.

This indicates that under ground motions that exhibit forward-directivity effects increase the likelihood that maximum inter-
story drift ratios will occur in the lower levels of the structure, and necessitates greater attention to the lower portions of the
structure. This phenomenon can be attributed to the lower levels’ relatively higher inter-story stiffness. During forward-
directivity-induced ground motions, the concentrated release of energy may prevent the stiffer lower levels from dissipating
the abruptly input energy effectively, and lead to the potential for plastic deformation in these lower regions. Such nonlinear

Max. Inter-Story Drift Ratio Max. Inter-Story Drift Ratio
I Lower Level B Lower Level
] Middle Level L Middle Level
I Upper Level I Upper Level
17%
Max. Acceleration Max. Acceleration

Max. Displacement

Max. Displacement

. 16 '
7%

(a) (b)

Fig 5. Influence of forward-directivity effect on the distribution of maximum responses in seismic structures: (a) with forward-directivity
effect; (b) without forward-directivity effect.

https://doi.org/10.1371/journal.pone.0322535.9005
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behavior may result in a significant increase in inter-story drift ratios at the lower levels, making it more likely for maximum
inter-story drift ratios to occur there compared to ground motions without forward-directivity effects.

The near-fault pulse-type ground motions with the same pulse period and a PGA/PGYV difference that does not exceed
10% are analyzed, and the seismic structure’s inter-story drift ratios under the design earthquake conditions (PGA=0.30g)
with and without forward-directivity effects are illustrated in Fig 6. In the figure, the larger red solid squares and blue solid
circles represent the seismic structure’s maximum response values under the conditions of with and without forward-
directivity effects, respectively.

To analyze forward-directivity effects’ influence on seismic structures’ inter-story drift ratio response, the forward-
directivity effects influence coefficient, fﬁg is defined based upon the maximum value of the inter-story drift ratio. The
mathematical expression is as follows:

s eFD
5 = 5= (8)

In the equation, fﬁg represents the forward-directivity effects influence coefficient, in which SS denotes the seismic struc-
ture and FD indicates the forward-directivity effects; 672, is the structure’s maximum inter-story drift ratio under forward-
directivity effects, and 6,,,, is the structure’s maximum inter-story drift ratio under non-forward-directivity effects.

The statistical values of the forward-directivity effects influence coefficient are presented in Table 1.

In Fig 6 and Table 1, it can be observed that the range of the forward-directivity effects influence coefficient is from
2.1490to 1.0268, with a mean of 1.2774. This indicates that the near-fault pulse-type ground motion records’ forward-
directivity effects amplify seismic structures’ response significantly. This amplification is attributable to the high-amplitude
velocity pulses that often accompany forward-directivity effects and result in a notable increase in the ground motion
records’ PGA and PGV. Although the duration of these records is relatively short, the energy is concentrated and thus
leads to pronounced pulse effects. Consequently, the inter-story drift ratio increases significantly, heightening the shear
deformation and potential risk of damage to the structure.

4.3. Influence of PGA/PGV on the distribution pattern of maximum responses in seismic structures

For ease of description, the ratio of PGA to PGV is defined as the spectral coefficient, fy, given by:

f, — PGA
9 =~ PGV 9)

In the equation, fy represents the spectral coefficient; PGA denotes the peak ground acceleration, and PGV signifies the
peak ground velocity.

Statistical analysis of 288 near-fault pulse-type ground motion records reveals that the spectral coefficient, f,, ranges from
1.376s" to 36.230s™, which attempts to encompass the seismic spectral characteristics to the greatest extent possible. This
facilitates a discussion of the seismic spectral characteristics’ influence on the distribution patterns of maximum responses
in seismic structures. Under the design earthquake condition (PGA=0.30g), the distribution patterns of maximum inter-story
drift ratios, maximum accelerations, and maximum displacements along the height of the structure are illustrated in Fig 7.

Fig 7 shows that the maximum displacement occurs at the seismic structure’s top level, which demonstrates that the
spectral coefficient, fy does not influence the distribution probability of maximum displacement along the floors. Instead,
the distribution probabilities of maximum acceleration along the floors are as follows: when f; € [0, 10]s™ the probabili-
ties for the upper, middle, and lower levels are 90%, 9%, and 1%, respectively; when fy € [10, 20]s™" the probabilities are
72%, 18%, and 10%, and when f; € [20, 37]s™" the probabilities are 48%, 26%, and 26%. This indicates that fy affects the
distribution of maximum acceleration responses in the structure significantly. As f, increases, the location of the maximum
acceleration response shifts downward gradually along the structure’s height.
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Fig 6. Directivity effects on the distribution of maximum inter-story drift ratios. (a) T, = 0.6s; (b) T, = 0.7s; (c) T, = 0.8s; (d) T, = 0.9s; (e)
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https://doi.org/10.1371/journal.pone.0322535.9006

PLOS One | https://doi.org/10.1371/journal.pone.0322535 June 3, 2025 10/20



https://doi.org/10.1371/journal.pone.0322535.g006

PLO\Sﬁ\\.- One

Table 1. Influence coefficient of forward-directivity effects.

To/(s) 0F2./0) Omax/ () 5

0.6 0.3856 0.2719 1.4182

0.7 0.6187 0.5434 1.1386

0.8 0.6464 0.5955 1.0856

0.9 1.3438 1.1023 1.2190

1.0 0.8751 0.8522 1.0268

1.1 1.6166 1.4791 (1.2744) @ 1.0930 (1.2685) @
1.4 1.2061 1.0064 1.1984

1.6 1.2196 0.6489 1.8795

2.5 1.0414 (1.3022) @ 0.9722 1.0711 (1.3393) @
2.9 2.0549 1.7403 1.1808

49 1.8034 1.6506 1.0926

54 1.8721 1.5967 1.1724

6.7 2.3914 1.1128 2.1490 ®

7.5 1.1248 1.0267 1.0955

2The values (*) represent the second values of 675, 6,..., and £5.

> The bold numbers indicate the maximum and minimum values of the influence coefficient of forward-directivity effects.

https://doi.org/10.1371/journal.pone.0322535.t001

The distribution probabilities of maximum inter-story drift ratios along the seismic structure’s floors are as follows:
when fy € [0, 10]3'1, the probabilities for the upper, middle, and lower levels are 1%, 43%, and 56%, respectively; when
fy € 10, 20]s™, the probabilities are 23%, 47%, and 30%, and when fy € [20, 37]s™ the probabilities are 53%, 26%, and
21%. This indicates that f, has a significant effect on the distribution of maximum inter-story drift ratio responses in the
structure.

When f; € [0, 10]3'1, the low-frequency components of the ground motion dominate, suggesting lower peak ground
acceleration, but larger variations in velocity. Consequently, the ground motion’s influence on the structure is concentrated
in the lower-frequency responses, and maximum inter-story drift ratios occur primarily in the structure’s lower levels. The
upper levels exhibit relatively small inter-story drift ratios, while the lower levels experience a significant increase, which
may lead to potential damage in the lower structure.

When f; € [10, 20]s™", maximum inter-story drift ratios can occur across the entire height of the structure, leading to a
more uniform distribution. The inter-story drift ratios of all levels are relatively large, particularly in the middle and upper
sections. This results in a greater structural response overall, which potentially could lead to significant structural damage
or pronounced plastic deformation.

When f; € [20, 37]3'1, the ground motion’s high-frequency components prevail, indicating higher peak ground acceler-
ation, but smaller variations in velocity. Thus, the ground motion’s influence focuses on higher-frequency responses, and
maximum inter-story drift ratios are concentrated primarily in the structure’s upper levels. The inter-story drift ratios in the
lower levels are relatively small, while those in the upper levels increase significantly, and can potentially cause damage to
the upper structure.

The maximum inter-story drift ratios and their averages for the seismic structure under the design seismic conditions
(PGA = 0.30g) are presented in relation to different ranges of f,, as shown in Fig 8.

As illustrated in Fig 8, during fy s transition from 1.38 to 36.23, the seismic structure’s maximum inter-story drift ratio
decreases as the spectral coefficient increases. Ground motions with a higher f, contain more high-frequency components
that result in rapid loading and unloading rates. Consequently, the inertial forces acting on the structure in the same direc-
tion do not persist for long, and lead to insufficient time for the responses at each level to accumulate. Thus, under ground
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motions with larger f;, the building structure’s inter-story drift ratio responses are comparatively smaller. Conversely,
ground motions with smaller fy distribute energy predominantly in the low-frequency range, which leads to slower loading
and unloading rates. The sustained acceleration pulses in the same direction generate sufficient inertial forces that enable
the structure to undergo greater deformations. Therefore, the responses are more significant. In summary, ground motions
characterized by smaller f, are relatively more detrimental, as they can induce greater inter-story drift ratio responses in
the building structure.

5. Ground motion characteristics’ influence on the control performance of tuned viscous mass
dampers

5.1. Influence of pulse period on the control performance of TVMD

To validate the effectiveness of TVMD’s “damping enhancement” under different pulse period ground motions, TVMD’s
average damping forces and deformation amplification factors compared to VD were analyzed statistically under various
mass ratios (©g = 0.05,0.15, 0.25, 0.35, 0.45, 0.55, 0.65) [59,60] and seismic conditions, including frequent (PGA=0.119),
design (PGA=0.309), rare (PGA=0.51g), and extremely rare (PGA=0.84Q) events, as shown in Fig 9.

As Fig 9 shows, under the same seismic conditions, as the mass ratio increases, the average amplification factors
for deformation and damping force decrease gradually. Under a constant mass ratio, as the ground motion’s intensity
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increases, the average amplification factors show only slight changes. This indicates that the TVMD’s damping control

performance does not diminish with increasing nonlinearity, and exhibits stable performance across multiple seismic con-
ditions, including frequent, design, rare, and extremely rare events.

As illustrated in Figs 9(a), (b), and (c), when the mass ratio ;4 > 0.55, the average deformation amplification factor
yields negative values. Figs 9(d), (e), and (f) demonstrate that when T, /T, < 2 and pq > 0.45 as wellas T, /T, > 2 and

ta > 0.15, the average damping force amplification factor also exhibits negative values. This indicates that under these
circumstances, the TVMD cannot achieve the “damping enhancement” effect for the damping units.

In summary, when T, /T, <2 and pg < 0.45as well as T; /T, > 2 and pq < 0.15, the TVMD amplifies the damping force
and deformation at the damper significantly, which allows it to dissipate more seismic energy and achieve more effective

damping control, thereby reflecting the “damping enhancement” effect for the damping units. However, beyond these spe-
cific conditions, the TVMD fails to realize the “damping enhancement” effect for the damping units.
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5.2. Influence of forward-directivity effect on TVMD’s control performance.

The standard deviation and range of the structural dynamic responses, including the maximum displacement, maximum
acceleration, and maximum inter-story drift ratio, under near-fault ground motions are listed in Table 2.

From Table 2, it can be observed that under the near-fault ground motions, the SRS, EDS-I, and EDS-II exhibited
significant variability in the dynamic response. Therefore, judging the effectiveness of the VD and TVMD seismic con-
trol based solely on the structural dynamic response under a single ground motion would overlook the variability in both
ground motions and structural responses. It is recommended that the mean earthquake-reduction coefficients from mul-
tiple ground motions be used to evaluate the damping control effects of the VD and TVMD on the peak response of the
structure.

Under the near-fault ground motion records with and without forward-directivity effects, the average seismic reduction
coefficients for maximum acceleration, maximum displacement, and maximum inter-story drift ratio of Energy Dissipated
Structure | (EDS-I, the structure with additional VD) and Energy Dissipated Structure Il (EDS-II, the structure with addi-
tional TVMD) are shown in relation to mass ratio under the design earthquake conditions (PGA=0.30gq) in Fig 10.

Fig 10 illustrates that near-fault ground motion records’ forward-directivity effect influences the devices’ damping
performance, and reduces the TVMD’s seismic control performance, in that displacement and acceleration are more
pronounced than those of VD. Further, as the mass ratio increases, the reduction in the TVMD’s displacement control
performance becomes more significant. Conversely, the weakening of TVMD’s control performance with respect to the
inter-story drift ratio is less than that of VD, and this weakening diminishes as the mass ratio increases. For instance,
when PGA = 0.3g and 4 = 0.35 the average seismic reduction coefficients for EDS-I and EDS-II under both with and
without forward-directivity effects are kkp = 29.1, k\rp = 29.8 and kil = 37.6, kl\ep = 39.2 for displacement, which results
in reductions of 2.3% and 4.08%, respectively. When PGA = 0.3g and iq = 0.65 the average reduction coefficients are
kip = 65, kiep = 65.2 and klly = 57.4, kl\ep = 60 for EDS-I and EDS-II, which leads to reductions of 0.31% and 4.33%,
respectively.

To investigate forward-directivity effects’ influence on the damper’s damping performance further, we define the
forward-directivity influence coefficient, )‘EBS, which is based upon the average damping coefficient. The mathematical
expression is as follows:

DS _ kep
f5° = fs (10)

In the equation, ngS is the forward-directivity influence coefficient, in which EDS represents the Energy Dissipated Struc-
ture, FD denotes forward-directivity effects, and NFD indicates non-forward-directivity effects; kep is the structure’s aver-
age damping coefficient under forward-directivity effects, and knrp is the structure’s average damping coefficient under
non-forward-directivity effects.

Table 2. Standard Deviation and Range of Structural Dynamic Response.

Structure type Standard deviation Range
Maximum Maximum Max inter-story drift ratio Maximum Maximum Max inter-story drift ratio
displacement acceleration displacement acceleration

SRS 0.084 0.145 0.0061 0.426 0.614 0.0308

EDS-I 0.071 0.102 0.0051 0.359 0.370 0.0254

EDS-II 0.051 0.114 0.0036 0.275 0.393 0.0187

Note: the steel frame structure without dampers (referred to as the seismic-resistant structure, SRS), VD seismic-resistant structure (referred to as
energy-dissipated structure |, EDS-I), and TVMD seismic-resistant structure (referred to as energy-dissipated structure I, EDS-II).

https://doi.org/10.1371/journal.pone.0322535.t002
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Fig 10. Forward-directivity effects’ influence on the average damping coefficient of maximum responses: (a) maximum acceleration; (b) maxi-
mum displacement; (c) maximum inter-story drift ratio.
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The forward-directivity influence coefficient, ngS, for the structure’s maximum displacement, maximum accelera-
tion, and maximum inter-story drift ratio under design earthquake conditions (PGA=0.30g) and different mass ratios
(g = 0.05,0.15,0.25, 0.35, 0.45, 0.55, 0.65) are presented in Table 3.

Table 3 shows that under the design earthquake conditions (PGA=0.30g), the forward-directivity influence coefficients
for VD and TVMD’s displacement reduction effects range from 0.940 to 1 and 0.945 to 1, with mean values of 0.975 and
0.961, respectively. The forward-directivity influence coefficients for VD and TVMD’s acceleration reduction effects range
from 0.851 to 1.006 and 0.849 to 1.150, with mean values of 0.931 and 0.917, respectively. The forward-directivity influ-
ence coefficients for VD and TVMD’s inter-story drift ratio reduction effects range from 0.823 to 0.981 and 0.831 to 1.011,
with mean values of 0.914 and 0.965, respectively.

These findings indicate that near-fault pulse-type ground motion records’ forward-directivity effects can diminish damp-
ers’ effectiveness in dissipating energy, with a more pronounced effect on the acceleration reduction effect compared to
the displacement and inter-story drift ratio reduction effects. This phenomenon can be attributed to the concentration of
energy in specific directions because of forward-directivity effects, which results in increased local structural acceleration.
In such scenarios, the dampers may not be able to respond and absorb the concentrated energy effectively, which weak-
ens their damping performance overall thereby.

5.3. Influence of PGA/PGV on the control performance of TVMD

Based upon the varying values of the spectral coefficient, f, the 288 near-fault pulse-type ground motion records are cat-
egorized into three groups: f, € [0, 10] (a total of 185 records), and fy € [10, 20](a total of 82 records), and fy € [20, 37] (a
total of 21 records). The spectral coefficient fy's influence on the dampers’ damping control performance under each group
of near-fault ground motion records will be discussed separately.
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Table 3. Forward-directivity influence coefficients.

fg =005 | pg=015 | pg=025 | pg=035 | pg=045 | pg=055 | pug=0.65
PGA —0.30g  Maximum Displacement 0.984 0.940 0.943 0.977 0.991 0.994 0.997
[0.945] [0.999] [0.952] [0.958] [0.952] [0.957] [0.964]
Maximum Acceleration 0.851 0.868 0.912 0.941 0.961 0.976 1.006
[0.849] [0.853] [0.861] [0.864] [0.904] [0.941] [1.150]
Maximum Inter-Story Drift Ratio | 0.844 0.823 0.878 0.933 0.965 0.975 0.981
[0.831] [0.927] [0.991] [0.995] [0.997] [1.003] [1.011]

The values * and [*] represent the forward-directivity influence coefficients of VD and TVMD, respectively.

https://doi.org/10.1371/journal.pone.0322535.t003

Under the design earthquake conditions (PGA=0.30g) and a mass ratio g = 0.25 the mean damping coefficients for
the maximum inter-story drift ratio, maximum acceleration, and maximum displacement for both VD and TVMD were ana-
lyzed in relation to the mean spectral coefficient f,, as illustrated in Fig 11.

As Fig 11 shows, the slopes of ?g versus the mean damping coefficient, k, curves for VD are 0.94, 0.21, and 0.39 for the
maximum inter-story drift ratio, maximum acceleration, and maximum displacement, respectively. In contrast, the slopes
for TVMD are 0.14, 0.17, and 0.06 for the same parameters. This indicates that the slope of ?g versus k curve for VD is
significantly greater than that for TVMD, suggesting that VD is more sensitive to changes in ?g and demonstrates a more
pronounced damping effect on high-frequency ground motions.

6. Conclusions

Through dynamic time history analysis, this study investigates near-fault pulse-type ground motion characteristics’ influ-
ence on seismic structures’ maximum response distribution and TVMD and VD’s performance under different seismic
conditions. The findings indicate that:
(1) Under near-fault pulse-type ground motions, when T, /T, <2 and puq < 0.45as wellas T, /T, > 2 and pq < 0.15,
TVMD demonstrates the dual effect of reducing energy input and increasing energy dissipation’s efficiency, showcasing
inertia’s “damping enhancement” effect. However, TVMD does not achieve “damping enhancement” for the damping units.
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Fig 11. Relation between mean damping coefficient and mean spectral coefficient: (a) maximum inter-story drift ratio; (b) maximum accelera-
tion; (c) maximum displacement.
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In comparison, VD exhibits greater advantages in controlling maximum acceleration, and this advantage becomes more
pronounced as the mass ratio increases.

(2) When T, /T, < 0.5, pulse-type ground motion’s effects are largely lower frequency responses, and the maximum
inter-story drift ratio occurs predominantly in the seismic structure’s lower levels. When 0.5 < T, /T, <2, the ground
motion’s pulse effects resonate with the structure’s natural frequencies and lead to a more uniform distribution of max-
imum inter-story drift ratios throughout the structure’s height. When T, /T, > 2, pulse-type ground motion’s effects are
concentrated at higher frequency responses that affect the seismic structure’s upper levels primarily.

(3) Near-fault pulse-type ground motion’s forward-directivity effect amplifies seismic structures’ response significantly.
In addition, under forward-directivity effects, the probability that the maximum inter-story drift ratio will occur in the struc-
ture’s lower levels increases, which necessitates more attention to those levels. The forward-directivity effect reduces the
dampers’ damping effect, which has a greater influence on reducing acceleration compared to displacement and reducing
the inter-story drift ratio.

(4) The ground motion’s frequency spectrum coefficient, fy, influences the distribution of the maximum acceleration
response in seismic structures significantly. As fy increases, the location of the maximum acceleration response shifts
downward along the height of the structure. Ground motions with smaller f; induce larger inter-story drift ratio responses
in the building structure. Compared to TVMD, VD is more sensitive to changes in f;, and demonstrates a more significant
damping effect on high-frequency ground motions.

Research prospects

The impact of different arrangements of TVMD on the structural vibration control performance and its effectiveness for
various types of structures requires further investigation. Additionally, future studies should focus on the design and imple-
mentation of shaking table tests to evaluate the dynamic response of TVMD under actual seismic excitations.
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