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Non-Structural Components (NSCs) comprise all building elements that are not part of the load-bearing system.
These elements are often subjected to floor accelerations significantly higher than ground accelerations, which
can compromise building functionality and are generally the primary source of post-earthquake losses. A po-
tential strategy to mitigate these demands is to equip NSCs with seismic isolation systems. However, few studies
have attempted to generalize the seismic behavior of isolated NSCs. This study introduces the concept of the
global isolation period (Tj), defined as the period of a seismic isolation device for rigid NSCs that ensures a target
reduction in acceleration demands, regardless of the NSC’s location within the building or the damping ratio
adopted for the isolation system. To establish Ty, an extensive parametric study is conducted on the response of
rigid NSCs isolated and anchored at different levels of various elastic buildings. Based on this analysis, a simple
equation is proposed that relates T to the fundamental period of the building and the target reduction in NSC
accelerations. The equation is validated using accelerations obtained from three inelastic reinforced concrete
frame buildings, considering the Friction Pendulum System (FPS) as the isolation device for the NSCs. The
proposed equation for T, provides reasonable estimates that can serve as a basis for the design of seismic isolation
devices for NSCs. It yields conservative results when the target acceleration reduction of the rigid NSC is close to
50%, whereas for larger reductions it tends to be less conservative.

1. Introduction

Non-Structural Components (NSCs) are all the elements present in
buildings that do not form part of the load-resisting system. Examples of
NSCs include mechanical and electrical equipment, partition walls,
parapets, pipes, ducts, and contents, among others. Although NSCs are
not part of the structural system, they are also exposed to seismic actions
and play a fundamental role in the seismic performance of buildings.
Inadequate seismic design of these components may compromise the
operability of buildings even if the structural system remains undam-
aged after an earthquake. Instances of such impacts have been observed
in recent major earthquakes, such as those in Turkey (2023), Chile
(2010), New Zealand (2010 and 2011), and Ecuador (2016) [11,27,28,
45].

Moreover, NSCs typically account for between 70% and 85% of the
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total cost in residential and office buildings, and up to 90% in critical
facilities such as hospitals [51]. This implies that most economic losses
after an earthquake correspond to these elements. Furthermore, tradi-
tional seismic design methods for buildings do not allow for accurate
determination of the seismic demands of NSCs. For this reason, over the
past decades, the study of the seismic behavior of NSCs has been the
subject of numerous research works [10,13,2,20,21,3,30,35-38,42,50,
6].

From a seismic design perspective, NSCs can be classified into two
broad groups: acceleration-sensitive and displacement-sensitive. The
first group includes those whose seismic demand is governed by the peak
absolute acceleration at their anchorage points, such as mechanical and
electrical equipment, parapets, ducts, and pipes. Since these components
are mainly located at different floors within the building, they are
exposed to seismic accelerations with characteristics that differ from
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Fig. 1. Differences between ground and floor accelerations and Nonstructural
Components (NSCs) with and without isolation systems.
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Fig. 2. Modulating function f.(t) and Modified Kanai-Tajimi power spectral
density function S; (wg = 12.50 rad/s, &; = 0.60, oy = 2.00 rad/s, & = 0.70 and
So = 200 cm?/s%).

those experienced at ground level. This occurs because the building acts
as a filter and amplifier of ground accelerations before they reach each
floor (Fig. 1). For instance, peak floor accelerations (PFAs) can easily
reach values two to three times higher than those recorded at the ground
[1,14,18,19,24,37,44,47].

One alternative to significantly reduce the absolute acceleration
demands on NSCs is to equip them with seismic isolation systems. These
systems have been shown to effectively reduce building and bridge ac-
celerations [8,23,52]. However, in certain cases, this solution may prove
unfeasible due to its high cost, the clearance required between buildings,
restrictions imposed during retrofitting processes [5], or the need to
isolate only specific components. For these reasons, seismic isolation
systems that can be applied directly to NSCs have been proposed. Fig. 1
illustrates this concept schematically. Examples of these systems include
those described by Mo et al. [33,34], Reggio and De Angelis [43], Liu
and Warn [25], Gavin and Zaicenco [15], Khechfe et al. [22], Ismail
et al. [17] and Meng et al. [32]. However, these studies have examined
specific cases, such as when the NSC is connected to one type of struc-
tural system [25] or when the NSC is subjected only to ground accel-
erations [32] or when non-traditional isolation devices are used [15,17,
26,33,34]. To date, no studies have generalized the seismic behavior of
isolated NSCs. Consequently, there is still no methodology that enables
engineers to readily estimate the design period required for NSC isola-
tion systems based on the supporting building's dynamic properties and
the desired reduction in seismic demand.

Structures 88 (2026) 111865

Acceleration (g)

-0.4 T T T T T T T T T T T
0 5 10 15 20 25 30
Time (s)
10 . . . . . . . . .
b) — FEMA
0.9 - e Simulation |
0.8 1 -

Acceleration (g)

o o o °
B (3} (o2} ~
| A | L
T T T T

o
w
L
T

0.2 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Period (s)

Fig. 3. a) Sample realization iig(t) of the ground acceleration process Ug(t); b)
Average response spectra of FEMA P695 and simulated ground motions.

This study addresses this gap and introduces the concept of a global
isolation period (T) for rigid NSCs. This period is defined as the mini-
mum isolation period required to guarantee a target reduction in ac-
celeration demands, regardless of the NSC’s location within the building
and the damping ratio of the isolation system. To this end, a compre-
hensive parametric study is carried out on the response of isolated rigid
NSCs anchored at different levels of various elastic buildings. Seismic
excitations are generated through Monte Carlo simulations, and a linear
isolation system is adopted for the NSCs. Finally, a simple equation is
proposed to relate the global isolation period with the fundamental
period of the building and with the target reduction in peak absolute
acceleration demands of the NSCs. The equation is validated using ac-
celerations obtained from three real reinforced concrete frame buildings
(RCFBs) and considering the Friction Pendulum System (FPS) as the
seismic isolation device for the NSCs.

2. Seismic excitations and buildings used to develop the global
isolation period equation

The ground acceleration used for the development of the equation
for the global isolation period is modeled as a Gaussian, zero-mean
nonstationary random process Ug (t) whose evolutionary power spec-
tral density function Sy (t, ®) is given by:

1 (t,0) = (08, (o) M

where t denotes time, ® indicates circular frequency, f.(t) is a
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Fig. 4. Description of the 3-story steel building [40].
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Fig. 5. Description of the 5-story RC wall building [49].

modulating (sometimes also referred to as “envelope” or “window”)
time function and Sy(w) is a stationary power spectral density function.
The modulating function f,(t) is assumed equal to that initially proposed
by Saragoni and Hart [46] and calibrated later by Boore [4], which is
given by:

fet) = at’e™ @
where:

_ (é)b ®)
b= ~ Tl @
¢= % ®)

where, in turn, Tp is the duration of the excitation and 5 and ¢ are
constants that define the shape of f(t) (Fig. 2). In this study, constant Tp
is set equal to 30 s. Based on what is recommended in Boore [4], con-
stants 7 and ¢ are set equal to 0.05 and 0.20, respectively. The power

spectral density function Sg(w) is assumed equal to that defined by the
modified Kanai-Tajimi function (sometimes also referred to as the
Clough-Penzien function), which is given by [9]:

4 2 2 2 4
wg+4§gwga) W

2 2 So
<w§ - a)2> + 4§§w§w2 (a)f2 - a)2> + 46}0)}0}2

©

Se(w) =

In this study, constants wyg, &, @y, {rand Sp are set equal to 12.50 rad/
s, 0.60, 2.00 rad/s, 0.70 and Sp = 200 cm?/s°, respectively. The result-
ing power spectral density function Sg(w) is shown in Fig. 2. The cor-
responding main frequency wp, (i.e., the frequency at which S¢(w) takes
its maximum value) is equal to 10.26 rad/s, and the period T, associated
with the main frequency is equal to (2r1)/10.26 rad/s = 0.60s. For
illustration purposes, a sample realization iig(t) of the resulting seismic
excitation process Ug(t), generated through standard simulation tech-
niques [48], is shown in Fig. 3a,

In addition, Fig. 3b shows the average response spectra of two groups
of seismic records: a) those obtained with Monte Carlo simulation and b)
those obtained using a set of actual far-field seismic accelerations
recorded on firm soil conditions (FEMA P-695). Fig. 3b shows that the
two groups of seismic records have similar frequency content. In this
study, far-field accelerations are prioritized because most of the
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Fig. 6. Description of the 10-story RC dual wall-frame building [16].
Table 1
Natural periods of the studied buildings.
Structural system Floors Nomenclature Fundamental period T; (s) Second natural period (s) Third natural period (s)
Steel frames 3 3S 0.97 0.33 0.18
9 9S 2.10 0.80 0.47
20 208 3.56 1.23 0.71
Reinforced concrete walls 5 S5RCW 0.24 0.06 0.03
10 10RCW 0.62 0.15 0.07
20 20RCW 1.09 0.30 0.14
Reinforced concrete walls and frames 10 10RCWF 0.71 0.18 0.08

Linear isolation system

NSC

wWWWW\WMMm/,Wm it

Absolute floor acceleration

Fig. 7. Linear isolation system for NSCs.

buildings considered are exposed to this type of seismic excitations [35].
Since floor accelerations are mainly influenced by the dynamic char-
acteristics of buildings [37], the results are expected to be similar when
considering near-field pulse motions or accelerations on soft soils.
However, this assumption must be verified using such types of seismic
excitations.

A total of seven buildings were subjected to the thousand simulated
seismic excitations and the corresponding absolute floor accelerations
were obtained for each building. Three of these buildings are steel
buildings with 3, 9 and 20 floors and were developed by the SAC Phase I
Steel Project considering the seismic hazard corresponding to Los
Angeles, USA [40]. A schematic description of the 3-story steel building
is shown in Fig. 4. The 9-story and 20-story steel buildings have similar
characteristics; detailed information on them can be found in the study
by Ohtori et al. [40].

In addition, three reinforced concrete wall buildings of 5, 10 and 20
stories were also considered. The characteristics of these buildings are
typical of traditional reinforced concrete wall buildings built in Chile

[49]. Although these last three buildings are not real buildings, they are
a good representation of the general behavior of this structural system.
Fig. 5 shows the 5-story RC wall building; the other RC wall buildings
have similar characteristics, complete details of the RC wall buildings
are in the study of [49]. Finally, a 10-story reinforced concrete wall and
frame dual system building was also considered for the analysis. The
characteristics of this building are representative of more recent build-
ings built in Chile [16]. The characteristics of this building are shown in
Fig. 6, full details of this building can be found in the study of [16].
Table 1 lists the natural periods of the buildings considered and the
nomenclature used to refer to them.

The absolute acceleration response of the building models for each
floor level was obtained by time history analysis. Then, the response of a
given NSC for each floor acceleration history of a building was obtained
independently of the building, therefore the interaction between the
NSC and the building was not considered, this analysis is often referred
to as "cascade analysis" and is accurate when the mass of the NSC is
much smaller than the mass of the building, which is true for the vast
majority of cases. In this setting, the maximum acceleration response of
rigid NSCs is obtained directly from the analysis of the buildings and is
equal to the PFA of the floor to which the NSC is anchored. The accel-
eration demand of the NSC was then determined as the median of the
responses, i.e., the median of the thousand absolute accelerations. All
building models were assumed to have linear elastic behavior, and all
results were obtained by time-history analysis. The applicability of the
results obtained for elastic buildings to inelastic buildings is evaluated
by considering three RCFBs.
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Table 2
Parameters used for the linear isolation systems.

Building Linear isolation system
Criticial damping Isolation period
ratio (s)

3S 0-0.5 0-6

9s 0-0.5 0-8

208 0-0.5 0-9

5RCW, 10RCW, 10RCWF and 0-0.5 0-6

20RCW

3. Linear isolation system and global isolation period

Once the absolute accelerations at each floor of the buildings were
obtained, the seismic response of the NSC equipped with a linear seismic
isolation system was numerically modeled. This system is represented by
a spring and a viscous damper arranged in parallel, and it is character-
ized by two fundamental parameters: the isolation period Tj and the
damping ratio &p. In practice, this system can be implemented through a

5

Isolation period (s)

1 Reduction < 50%

0.05 0.15 0.25 0.35 0.45
Isolation damping ratio

Isolation period (s)

0.05 0.15 025 0.35 045
Isolation damping ratio
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support device consisting of a spring and a viscous damper, to which the
rigid NSC is attached (Fig. 7). The equation of motion describing this
system corresponds to that of a single-degree-of-freedom oscillator and,
therefore, is expressed by Eq. (7) [7].

mil+cu+ku= —mxil, 7)

where ii, it and u represent, respectively, the acceleration, velocity, and
displacement of the NSC with respect to the equilibrium position of the
linear isolator, while ii, denotes the absolute acceleration of the floor to
which the NSC is anchored. In this study, a wide range of damping ratios
and isolation periods of the system were considered, as summarized in
Table 2.

Fig. 8a presents the results of the absolute acceleration of a rigid NSC
equipped with a linear isolation system and subjected to ground accel-
erations. The results are shown for different combinations of isolation
periods on the Y-axis and damping ratios of the isolation system on the
X-axis. These values are normalized with respect to the maximum
response of the NSC without isolation; since the NSC is rigid, the

Isolation period (s}

0.05 015 0.25 0.35 0.45
Isolation damping ratio

Isolation period (s)

0.05 0.15 0.25 0.35 045
Isolation damping ratio

Fig. 8. Normalized acceleration demands with respect to PGA and PFA in rigid NSCs equipped with linear isolation. Results for NSCs located at ground level and on

the first, second, and third floors of the three-story steel structure (3S).
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Fig. 9. Normalized acceleration demands with respect to the FPA in rigid NSCs with linear isolation, located on different floors of the 5-story RC wall struc-

ture (5RCW).

Table 3

Values of T,/T; of the buildings considering different levels of reduction in the acceleration demand of the NSC.

Structure Fundamental period T;(s) Tg/T, depending of percentage reduction Determinant floors of Ty
50% 60% 70% 80% 90%

S5RCW 0.24 10.0 10.8 135 16.3 21.7 1

10RCW 0.62 4.0 4.5 5.5 6.5 8.9 1

10RCWF 0.71 3.5 3.9 4.8 5.6 7.7 1

3S 0.97 2.3 2.4 2.8 3.3 4.5 1,2 and 3

20RCW 1.09 2.3 2.6 2.9 3.5 4.8 1-4 and 12-17

9S 2.10 1.8 1.9 2.1 2.4 1.8 7 and 8

20S 3.56 1.4 1.5 1.6 1.8 2.3 16-18

normalization is performed with respect to the Peak Ground Accelera-
tion (PGA). The results are grouped into three zones, identified by
different colors, which represent varying levels of isolation system ef-
ficiency. The green zone corresponds to values lower than 0.50 and
represents isolation system configurations that achieve reductions in the
NSC response greater than 50%. This region is labeled as “Reduction

> 50%” and is bounded by the curve associated with the value of 0.5. On
this curve lie all combinations of isolation period and damping ratio that
produce an exact 50% reduction in the maximum acceleration of the
NSC.

The second zone, shown in gray, corresponds to values between 0.50
and 1.00. This region includes the isolation system configurations that
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Fig. 10. Normalized acceleration demands with respect to the PFA in rigid NSCs with linear isolation: a) first floor, 9S; b) eighth floor, 9S; c) first floor, 20S; d) 18th

floor, 208S.
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Fig. 11. Normalized results of the global isolation period T,/Tj, as a function of
the fundamental period T, for the seven buildings studied. Comparison of re-

sults with Eq. (8).

Table 4

Values of the coefficients of Eq. (8) as a function of the percentage reduction in

the acceleration demand in the NSCs.

Reduction percentaje

50% 60% 70% 80% 90%
(r=0.9990) (r=0.9985) (r=0.9986) (r=0.9986) (r=0.9984)
A 159 1.66 1.82 2.11 2.13
B 18.10 19.05 23.97 29.36 37.23
c -319 -3.05 -3.01 -3.05 -2.70

produce reductions in the NSC response of less than 50% and is labeled
as “Reduction < 50%”. Its limits are defined by the curves associated
with the values of 0.5 and 1.0. The third zone, shown in red, corresponds
to values greater than 1.0 and represents the combinations of isolation
period and damping ratio that lead to an amplification of the NSC
response. This region is labeled as “Amplification” and is bounded by the
curve with the value of 1.0. In addition, Fig. 8a shows a gray dashed
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Fig. 12. Plan layout of the buildings: (a) 3 F, (b) 4F, (c) 14 F.

horizontal line indicating that isolation periods longer than approxi-
mately 2.6 s ensure reductions in the NSC response greater than or equal
to 50%, regardless of the damping ratio adopted for the isolation system.

Figs. 8b, 8c, and 8d present results similar to those shown in Fig. 8a,
with the difference that the input considered to determine the response
of the NSC with the isolation system corresponds to the floor accelera-
tions of the 3-story steel building. The results were normalized with
respect to the maximum acceleration of the NSC without isolation; that
is, in each case, the normalization was carried out with respect to the
PFA of the corresponding floor. Each figure also shows a gray dashed
horizontal line indicating the minimum isolation period required to
ensure reductions greater than 50%, regardless of the damping ratio of
the isolation system. It can be observed that, for all three floors of the

building, this period is approximately 2.2 s. In other words, as long as
the isolation period of the NSC is equal to or greater than 2.2, its
response will fall within the green zone of Figs. 8b, 8c, and 8d, irre-
spective of the damping ratio adopted.

By considering the gray dashed lines in the four graphs of Fig. 8, it
can be observed that an isolation period of 2.6 s for the NSC guarantees
reductions equal to or greater than 50%, regardless of the damping ratio
adopted in the isolation system and the position of the NSC within the
building, including the ground level. This value is referred to as the
global isolation period of the NSC for the 3-story steel building, defined as
the minimum isolation period that ensures the target maximum accel-
eration response of the NSC, independent of its location within the
building and of the damping ratio of the isolation system. For simplicity,
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this period is denoted as T,. The determination of Tg is important, as it
simplifies the design of isolation devices for rigid NSCs. It is important to
clarify that the reduction in the acceleration demand of the NSC varies
with the damping ratio of the isolation system and the position of the
NSC within the building. However, the purpose of Ty is to ensure a
reduction of at least 50%, regardless of the damping selected for the
isolation system or the location of the NSC in the building.

Fig. O presents results similar to those shown in Fig. 8, but in this case
considering the accelerations at the ground level and at floors 1, 4, and 5
of the 5-story reinforced concrete building (SRCW). As in the 3-story
steel building, the four figures include a gray dashed horizontal line
that represents the minimum isolation period required to achieve a
reduction in the NSC response greater than or equal to 50%, regardless
of the damping ratio adopted for the isolation system. The largest of
these periods corresponds to the T of the building, which is governed by
the ground accelerations (Fig. 9a) and has a value of 2.6 s.

Since the building is rigid, the results at the first floor (Fig. 9b) are
similar to those obtained at the ground level, requiring a comparable
isolation period. However, when considering the accelerations at the
upper floors, the required isolation periods decrease, from 2.4 s at the
first floor to 1.2 s at the roof level. This behavior occurs because, at the
upper stories, the accelerations are more strongly influenced by the
building’s natural periods, which for the SRCW are relatively low (T; =
0.26 s and T2 = 0.06 s). Furthermore, it has been observed that damping
becomes less effective in reducing the NSC response as it is placed at

higher floors of the building.

In the 10-story reinforced concrete building (10RCW), a behavior
analogous to that of the 5-story building is observed; for simplicity, these
results are not included. Since the structural system of the building is
rigid and the first two floors are close to the ground level, the results for
these floors are similar to those obtained for ground accelerations. In
contrast, at the upper levels, the results differ due to the greater influ-
ence of the natural periods of the building on the frequency content of
the floor accelerations (T; = 0.62 s, To = 0.15 s). The minimum isolation
period required to achieve reductions greater than 50% varies from 2.4 s
at the second floor to 1.5 s at the upper floors. As in the case of the 5-
story building, the period T, is governed by the ground accelerations
and is equal to 2.6 s.

In the 20-story reinforced concrete building (20RCW), whose
fundamental period is longer than that of the SRCW and 10RCW
buildings, the upper-intermediate levels (floors 12-17) require isolation
periods close to 2.5 s, similar to those obtained at ground level. Like-
wise, the first four floors exhibit greater stiffness compared to the lower
floors of the SRCW and 10RCW buildings; consequently, the results for
floors 1-4 are analogous to those at the ground. Thus, the global period
for this building remains 2.6 s, with the difference that it is governed by
the accelerations of multiple levels, specifically floors 1-4 and 12-17
(Table 3).

Fig. 10 presents the results associated with the 9- and 20-story steel
buildings (9S and 20S). The results of these steel buildings differ from
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Table 5
Dimensions of cross-sections for 3, 4 and 14-story buildings.

Building Section Cross-section characteristics
D Section dimensions ~ Longitudinal rebars
(m)
3F (T, = 3C1 0.35 x 0.35 8#6
0.545) 3C2 0.35 x 0.35 12#5
3V 0.30 x 0.35 2#6 + 3#4 (Top), 4#4
(Bottom)
4F (T, = 4C1 0.30 x 0.30 8#5
0.67 s) 4C2 0.40 x 0.40 12#5
4v1 0.30 x 0.35 4#5 (Top), 2#5 (Bottom)
4v2 0.30 x 0.35 2#6 + 2#5 (Top), 2#5
(Bottom)
4vV3 0.30 x 0.35 2#6 + 2#5 (Top), 3#5
(Bottom)
4v4 0.30 x 0.35 2#7 + 2#5 (Top), 3#5
(Bottom)
14F (T, = 14C1 0.40 x 0.70 20#7
1.145) 14C2 0.40 x 1.00 28#8
14C3 0.40 x 0.80 24#8
14C4 0.40 x 0.70 20#8
14V1 0.60 x 0.50 4#6 + 2#5 (Top), 5#6
(Bottom)
14v2 0.95 x 0.50 2#6 + 4#5 (Top),
2#6 + 4#5 (Bottom)
14V3 0.80 x 0.50 9#7 (Top), 5#7 + 2#6
(Bottom)
14v4 0.50 x 0.50 6#7 + 2#5 (Top), 4#6
(Bottom)

those of the reinforced concrete buildings, since in the case of steel
buildings the frequency content of the floor accelerations is more
strongly dominated by the natural periods, even at the lower levels
(Figs. 8b and 10a). For example, in the 3-story steel building (3S), the
global isolation period is 2.2 s; this minimum period required to achieve
reductions greater than 50% is similar across all floors and smaller than
that associated with ground accelerations (2.6 s). The same trend is
observed in the 9-story steel building (9S), where the fundamental
period (T7 = 2.1 s) significantly influences the accelerations of all floors.
In this building, unlike what was observed in reinforced concrete
buildings, damping plays a relevant role in reducing the response, and
the global period T; reaches a value of 3.7 s, governed by the upper
floors (7 and 8), as shown in Fig. 10b.

In the 20-story steel building, the first two floors exhibit similarities
with the ground accelerations, requiring a minimum period of 2.6 s.
However, from the third floor upward, the influence of the natural pe-
riods becomes dominant. Since this building has the largest fundamental
period, the global period required to achieve significant response re-
ductions reaches 5.0 s and is governed by the upper floors (16—18). In
this case, the isolation system presents an important limitation due to
the need for such a long period. For these cases, a specific analysis of the
floor where the NSC will be anchored must be carried out. As shown in
Fig. 10d, one alternative is to provide high damping to the isolation
system, close to 40%, which allows reducing the required isolation
period to achieve a target reduction. The values of the global isolation
period and the controlling levels for all buildings are presented in
Table 3.

The analysis initially considered, in an arbitrary manner, a reduction
in the accelerations of NSCs equal to or greater than 50% compared to
the response without the isolation system. When repeating the analysis
for higher reduction thresholds, the values indicated in Table 3 were
obtained, expressed in terms of the T,/T; ratio. These results are valid
for damping ratios between 0% and 50%.

The results in Table 3 are organized as a function of the fundamental
period of the buildings and show a clear relationship between this
parameter and the Tg/Tj ratio. Fig. 11 presents the variation of this ratio
as a function of T; and the percentage reduction in the NSC accelera-
tions. The results indicate that the Tg/T; ratio decreases exponentially
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with increasing Tj, stabilizing at values close to 2. This trend is
considered generalizable to regular buildings with different funda-
mental periods.

Given the clear trend observed in the curves of Fig. 11, a regression
analysis was performed, leading to Eq. (8)
T,

4 CT;
—==A+Be""!
T1 *

®

where the constants A, B, and C depend on the percentage of response
reduction and are presented in Table 4. Fig. 11 shows the agreement
between the simulated values and those estimated using Eq. (8), which
demonstrates the usefulness of the latter for estimating the global
isolation period of a system applied to NSCs, as a function of the
building’s fundamental period and the required level of acceleration
reduction.

4. Validation of the global isolation period

Since Eq. (8) uses linear models for buildings and the NSC isolation
system and since buildings and seismic isolation devices usually operate
within the inelastic range, this section employs numerical simulations to
assess the equation's accuracy. Three inelastic models of three RCFBs
representative of this structural system are used. Additionally, an in-
elastic seismic isolation system (frictional pendulum system, FPS) is
considered for the NSCs.

4.1. Buildings and seismic excitations used for the validation of the global
isolation period

Three RCFBs located in Colombia with 3, 4, and 14 floors were
selected for the validation of the global isolation period equation (Eq.
(8)). Fig. 12 shows the plan layout of the selected buildings, hereafter
referred to as 3F, 4F, and 14 F, with blue frames indicating those
selected for OpenSeesPy 2D modelling. The numerical models of the
three buildings are shown in Fig. 13. The dimensions of the building
sections are listed in Table 5 and shown in Figs. 14a, 14b and 14c.
Fig. 14d shows the fiber element integration points for the 3 F building.

The dead loads (DL) for all three buildings were 3 kN/m?, while the
live loads (LL) for floors and roofs were set at 1.8 kN/m? and 0.5 kKN/m?,
respectively. The buildings were designed in accordance with the
Colombian Code for earthquake-resistant construction (AIS-2017). This
code is similar to the ACI 318-08 in their requirements for reinforced
concrete frames buildings. Design spectral accelerations were deter-
mined using seismic risk zones and soil types prescribed in the AIS-2017
code. For instance, building 3 F in Cartagena, Colombia, with a funda-
mental period of 0.54 s, has a design spectral acceleration of 0.40 g
(without dividing by the R factor), while building 14 F in Barranca-
bermeja, Colombia, with a fundamental period of 1.14 s, has a design
spectral acceleration of 0.33 g. Concrete compressive strength (f;) varies
between buildings, with values of 21 MPa, 24.5 MPa, and 28 MPa for
buildings 3 F, 4 F, and 14 F, respectively. Young's modulus of steel (E;) is
set to 210 GPa.

In Colombia, most commercial reinforcing bars have a yield strength
of 420 MPa, so this constant value (f,) was used in the reinforcement
modelling. Distributed plasticity models for reinforced concrete were
used to represent the inelastic behavior along the sections of the mem-
bers. The Mander model [31] was used to simulate the confined con-
crete, considering maximum compressive strengths of 27.3 MPa,
31.9 MPa and 36.4 MPa in the 3 F, 4 F and 14 F buildings, respectively.
The modelling approach included fixed base conditions and mass
assignment at the model nodes. The seismic mass at each node was
determined by distributing the basal shear of the column to the nodes
according to Eq. (9).

NodeMass =

Vb
9
Sadng
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where Sag is the corresponding value of the design spectrum
(expressed in units of g), g is the acceleration of gravity in m/s* and Nyis
the number of floors of the building used to distribute the shear between
the nodes. The mass assigned to each node is called NodeMass, while Vj,
is the basal shear of the column between the nodes. The structural ele-
ments were modelled using the forceBeamColumn formulation in
OpenSeesPy, with five integration points per element according to a
Gauss-Lobatto scheme. Linear transformations were applied to the
beams and P-Delta transformations to the columns. To ensure uniform
horizontal displacements at the nodes on the same floor, a rigid dia-
phragm was imposed on each floor by a constraint with equal degrees of
freedom.

Both confined and unconfined concrete were modelled using the
Kent-Scott-Park model without tensile capacity, implemented using the
Concrete01 material in OpenSeesPy. The residual strength of the con-
crete was assumed to be 20% of its ultimate compressive strength (f).
The strain corresponding to the maximum compressive strength for both

. . . 2]
types of concrete was determined using the expression e, = ELC‘, where E,

is the modulus of elasticity of the concrete.
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(d)

Fig. 14. Beam and column cross-sections of the buildings: (a) 3 F, (b) 4 F, (c) 14 F, (d) Integration points of the fiber elements for the 3 F building.

The applied load combination for permanent loading was 1.05DL
-+ 0.25LL. The rebar was simulated using the Steel01 material model in
OpenSeesPy. To improve the model, steel rupture and buckling effects
were incorporated through the MinMax material, which defines upper
and lower bounds for the material response. The lower limit (-0.008)
was set to represent bar buckling after concrete spalling, while the upper
limit (0.05) accounted for low cycle fatigue effects.

Since the buildings are in Colombia and the seismic hazard in this
region is influenced by different types of seismic genesis, it was decided
to select the set of seismic records proposed in FEMA document P-695
[12]. Fig. 15a shows the individual response spectra and the average
response spectrum of these records. First, each seismic record was scaled
so that the spectral ordinate at the fundamental period of the building
matched the design spectral ordinate, whose values were 0.40 g, 0.37 g
and 0.33 g for the 3 F, 4 F and 14 F buildings, respectively. The scaled
response spectra of each seismic data set, together with the average
spectrum of the seismic records, are shown in Figs. 15b, 15c and 15d for
the 3 F, 4 F and 14 F buildings, respectively.
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Fig. 15. Acceleration response spectra: a) FEMA P-695 records, b) scaled records for structure 3 F, c¢) scaled records for structure 4 F and d) scaled records for

structure 14 F.

4.2. Isolation system used for the validation of the global isolation period

The global isolation period of the NSCs was validated using the
Frictional Pendulum System (FPS). The FPS is modeled as a system that
generates a bilinear force-deformation relationship, and it is character-
ized by two parameters: the radius of curvature R of the sliding surface
and the coefficient of friction u. The equation of motion of the FPS [8]
can be obtained from Fig. 16. When the force equilibrium is performed
in the horizontal x-direction, the following is obtained:

F, = ma, (10)

— uNcost) — Nsing = m x (i, + i) (11)
where i, is the absolute acceleration of the floor on which the NSC will
be anchored, ii, is the acceleration of the NSC with respect to the
equilibrium point of the FPS, y is the friction coefficient of the FPS, N is
the force normal to the friction surface, m is the mass of the rigid NSC,
and 0 is the angle formed by the current position of the NSC with respect
to its equilibrium position. On the other hand, if the forces in the vertical
direction Y are considered, the following equation of motion is obtained:

F, =ma, 12)

Ncos —mg — uNsinf = mil, 13)
if it is considered that the angle 6 is small and also that the friction co-
efficient u is much less than 1, then ii, ~ 0 and p.sin(6) ~ 0. Taking these
considerations into account, the above equation can be written as

12

follows:
Ncos —mg =0 14)
solving for N yields the following:

_me

"~ cosd (15)
by replacing Eq. (15) in Eq. (11), we obtain the following:
. mg _mg . L

Hooed cosd o0 sing = m * (ii, + i) (16)

if we now consider that sin 6 = u,/R and that, for small angles, (less than
25°) cos 0 =~ 1, we obtain the following:

—wng—mg%=m*(ilp+ilx) a7)

if we also consider that the weight of the NSC is equal to W = mg, the
equation takes the following form:

M (il +ik) = — W= W as)

which gives the force versus displacement ratio of the FPS is obtained:

F= —Wu-w%

R 19

Eq. (19) can be further simplified by dividing by the mass m of the
NSC, which makes the equation of motion becomes mass independent
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Fig. 16. Diagram of the acting forces in the NSC with a Frictional Pendulum
System (FPS).

and takes the following form:

iy + 1 = fugfg% (20
the previous equation has a component relative to the frictional force of
the FPS equal to -ug, the direction of this force is variable and depends on
the sign of the NSC velocity, for this reason it is convenient to add the
sign function called sign for the correct assignment of this force. With
this consideration the equation of motion finally takes the form of Eq.
(21):
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il + ik = — pgsign(its) —g 7 21)

The solution of this nonlinear ordinary differential equation was
performed by numerical integration using the Runge-Kutta 4-5 nu-
merical integrator through MatLab software.

It is important to note that when the friction coefficient and the
horizontal displacements are small (less than 0.4 R), the dynamic
behavior of the FPS is similar to that of a simple pendulum with small
amplitude, and an approximate period of oscillation or isolation can be
associated with Equation (22) [29]:

2n(R/9)1? 22)

The above equation can be used to estimate the radius of curvature of
the FPS associated with the design isolation period of the FPS.

4.3. Results of validating the global isolation period

Fig. 17 shows the median Peak Floor Accelerations (PFAs) of the
buildings, Fig. 17a shows the results of the PFAs in g units and Fig. 17b
shows the results of the PFAs normalized with respect to the Peak
Ground Accelerations (PGAs). Except for the 14 F building, and consis-
tent with the results of previous studies [14,37,39,41,47], PFAs increase
steadily as you move up in buildings. The values shown in Fig. 17
represent the peak acceleration demands of rigid NSCs without seismic
isolation systems.

Fig. 18 shows the reduction in absolute accelerations of the rigid
NSCs obtained when provided with the FPS and when subjected to the
different accelerations of the buildings. Equation (22) was used to
determine the radius of curvature of the FPS and Eq. (8) was used to
determine the design isolation period of the FPS (global isolation
period). Two scenarios were considered for the use of Eq. (8): the first
scenario considers a target reduction of the accelerations in the NSCs of
50% (Figs. 18a, 18c and 18e) and the second scenario considers a target
reduction of 70% (Figs. 18b, 18d and 18f). The coefficients used in Eq.
(8) for each case are shown in Table 4 and the results obtained for the
isolation period and radius of curvature for each case are shown in
Table 6. For each case, several friction coefficients corresponding to a
typical range of the FPS system (between 0.03 and 0.10) were
considered.

Fig. 18 shows that, for the target reduction of 50% (Figs. 18a, 18c
and 18e) and for any floor of the three buildings (solid lines), and
furthermore, for any value of the friction coefficient y, Eq. (8) provides a
global isolation period for the FPS that generates reductions in the
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Fig. 17. Median maximum absolute accelerations of the three buildings: a) values in units of g and b) values normalized by the PGA (Peak Ground Acceleration).
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Fig. 18. Absolute acceleration results of the NSCs provided with FPS designed with the approximate global isolation period for a 50% and 70% response reduction

and determined throughout Eq. (8).

absolute acceleration response of the NSC of more than 60%. This
demonstrates that the estimation of the global isolation period using Eq.

(8) is efficient for the floor accelerations of the three RCFBs.

In addition, when considering the accelerations at the ground level of

buildings 3 F and 4 F (dashed blue curves in Figs. 18a, 18b, 18c and
18d), the reductions in the accelerations of the NSCs are smaller
compared to the reductions obtained for the NSCs located at the floor
levels of these buildings (in the same figures, solid lines). At ground
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Table 6
Global isolation periods and their associated radius for the friction pendulum
system.

Building 50% Reduction 70% Reduction

Isolation period Radii Isolation period Radii
3F 2.6 1.7 3.5 3.1
4F 2.5 1.5 3.4 2.8
14F 2.4 1.4 3.0 2.2

level, the reductions obtained are greater than 45%. A different behavior
is observed in the results obtained with the accelerations at the base
level of building 14 F (dashed blue lines in Figs. 18e and 18f), for this
building the reductions in the accelerations of the NSCs considering
ground accelerations are similar to those obtained considering the floor
accelerations, at ground level the reduction values are higher than 62%.

As expected, for a 70% target reduction (Figs. 18b, 18d and 18f) and
for all three buildings, higher reductions are achieved than for a 50%
target reduction (Figs. 18a, 18c and 18e). However, considering the
floor accelerations and for friction coefficients higher than about 0.08,
the target reductions of at least 70% are not achieved (Figs. 18b, 18d and
18f). This is because more significant reductions in demand require
longer isolation periods and generally involve larger relative displace-
ments in the isolation system. Consequently, as the relative displace-
ments of the FPS isolation system increase, the estimation of the device
isolation period using Equation (22) loses accuracy.

In all cases the trends of the graphs are clear with an almost constant
negative slope, the reductions are smaller as the coefficient of friction y
increases. In general, Eq. (8) generates a global isolation period for the
FPS design that produces results close to the desired results. The esti-
mation is especially accurate for floor accelerations while for ground
accelerations the results do not fully match the target reductions.

5. Conclusions

This study analyzes the seismic response of rigid Nonstructural
Components (NSCs) equipped with seismic isolation systems. First, the
response of seven elastic buildings subjected to far-field ground motions
is evaluated, and subsequently, the response of rigid NSCs with and
without seismic isolation systems is determined. The concept of global
isolation period, Ty, is introduced, and an equation for its prediction is
proposed. This equation is then validated using the seismic response of
rigid NSCs located in three inelastic reinforced concrete frame buildings
(RCFBs) subjected to the design demand. As the seismic isolation device
for the NSCs, the friction pendulum system (FPS) is employed. The main
conclusions of this research are as follows:

e The global isolation period is introduced. It is defined as the mini-
mum isolation period of rigid NSCs required to achieve a target ac-
celeration response of the NSC, regardless of its location within the
building and the damping of the isolation system.

e A prediction equation, Eq. (8), for the global isolation period has
been developed that depends only on the fundamental period of the
building (T;) and the desired absolute acceleration response of the
rigid NSC.
The global isolation period prediction equation (Eq. (8)) provides
reasonable values that can be used as a preliminary design tool for
the NSC seismic isolation device. This is particularly relevant when
the NSC is installed on multiple floors and only a single seismic
isolation device is designed. Once the desired level of response
reduction has been selected and the global isolation period defined,
it is recommended to perform a numerical analysis to verify and, if
necessary, adjust the design of the seismic isolation device.

The global isolation period prediction equation (Eq. (8)) is less ac-

curate when considering accelerations at the base of buildings

(ground accelerations). The equation provides more conservative
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results when the target acceleration reduction of the rigid NSC is
close to 50%, while for higher target reductions the equation pro-
vides less conservative values.

For all the desired reductions in the absolute acceleration of the NSCs
and for buildings with fundamental periods greater than 2s, the
convergence values of the Ty/T; factor are close to 2. However, in
these cases the isolation period required for the NSC may be difficult
to achieve. In such situations, it is recommended to perform a spe-
cific analysis considering the floor accelerations at the location
where the NSC will be anchored.

e When rigid NSCs are located on lower floors of mid- or low-rise rigid
buildings (e.g., 5 or 10-story reinforced concrete wall buildings), it is
not enough to provide the NSC isolation system with a period greater
than the fundamental period of the building. In addition, the isola-
tion period must be effective in reducing the response of the NSC,
considering ground accelerations.

Although the proposed global isolation period equation provides a
useful design tool for rigid NSCs, it is not applicable for flexible NSCs,
also, its validation was limited to a small set of RC frames buildings
and a single isolation device. Future research should extend the
approach to irregular buildings and alternative isolation technolo-
gies, while also accounting for soil-structure interaction and flexible
NSCs.
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