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Evaluating Friction Dampers for Seismic Protection
of Non-structural Elements in Hospitals

Yusril Abdurrahman*, Ari Wibowo, Achfas Zacoeb

Abstract—This study evaluates the effectiveness of friction
dampers in improving the seismic performance of non-
structural components in hospital buildings. A five-story
reinforced concrete hospital, intentionally modeled to exceed
allowable drift limits, was analyzed using nonlinear time
history analysis under three earthquake scenarios: BSE-1E
(225-year), BSE-2E (975-year), and BSE-2N (2475-year),
assuming soft soil conditions. Non-structural components
were classified as drift- or acceleration-sensitive, with
damage probabilities assessed using fragility curves and
categorized into risk classes. Results show that friction
dampers significantly reduced damage probability for
acceleration-sensitive components up to 74% for cabinet
contents under BSE-1E. However, drift-sensitive elements
remained vulnerable, particularly in higher-intensity events,
due to the building's flexible design and limited damper
activation. While friction dampers improved global
structural performance, their effectiveness declined with
increasing seismic demand. These findings underscore the
potential and limitations of friction dampers in retrofitting
hospital buildings and highlight the need for careful damper
sizing and consideration of alternative strategies to protect
non-structural systems.

Index Terms—Friction Damper, Hospital, Non-structural
Component, Seismic Retrofit

[. INTRODUCTION

OSPITAL represents a critical infrastructure that

must maintain operational readiness during and

after seismic events to ensure uninterrupted
patient care and community support [1]. The susceptibility
of hospital structures to seismic activity presents a
substantial threat to both public safety and economic
stability [2]. Assessing seismic risk in hospital buildings is
complicated by the complex interaction between structural
and  non-structural  elements,  necessitating a
comprehensive approach that addresses both to guarantee
post-earthquake  functionality  [3].  Non-structural
components are vital for sustaining hospital operations,
and their failure can disrupt essential services [4]. The
imperative to uphold the operational functionality of
hospital buildings during and after an earthquake
underscores the significance of robust seismic design and
retrofitting strategies [5].

Traditionally, seismic damage assessments have
disproportionately emphasized structural elements, often
overlooking the considerable impact of non-structural
damage on a building's post-earthquake functionality [6].
Economic losses and disruptions stemming from damage
to non-structural elements, including medical equipment,
plumbing, and ceilings, can severely impede a hospital's
capacity to respond effectively to emergencies [7].
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Performance-based seismic design methodologies offer
a more holistic approach by factoring in the desired level
of performance of a structure across various seismic
scenarios. The adoption of advanced technologies and
methodologies is indispensable to bolster the seismic
resilience of healthcare facilities. Performance-based
seismic design employs target drift ratios and component
deformations as key performance indicators for seismic
evaluation and retrofitting of existing reinforced concrete
structures [8].

Non-structural components, encompassing
architectural, mechanical, electrical, and plumbing
systems, are integral to the operation of hospital buildings
[3]. Althugh these elements do not directly contribute to
the building's structural stability, they are crucial for their
continued functioning [9]. Their vulnerability to seismic
forces can result in substantial damage, disruption of vital
services and endanger occupants [10]. Damage to non-
structural components can significantly impair a hospital's
ability to deliver medical care, potentially leading to
critical situations [11]. The cumulative effect of non-
structural damage can lead to extended downtime,
hindering the hospital's ability to serve the community
during crises. The intricate infrastructure of modern
hospitals complicates efforts to ensure seismic resistance,
demanding meticulous attention to both structural and non-
structural considerations [11]. For instance, damage to
essential medical equipment, such as MRI machines or
operating room lighting, can result in immediate and
severe repercussions for patient care.

The seismic behavior of non-structural components is
contingent upon several determinants, including the
methodology of installation, characteristics of the
materials employed, and their interaction with the
building's structural framework [12]. Evaluating the
performance of these components presents challenges
because of their heterogeneity; consequently, HAZUS
probabilistic methodology is frequently employed [13].
This methodology leverages vulnerability curves to predict
the likelihood of a non-structural component surpassing a
defined damage threshold [14].

Friction dampers have been identified as a viable
technology for enhancing the seismic resilience of
structures by dissipating energy during seismic events,
which consequently diminishes the forces exerted on
building [3]. Integrating friction dampers into structural
configurations provides a strategy for mitigating seismic
risk by alleviating the stress on both structural and non-
structural elements [15]. The incorporation of control
mechanisms, such as friction dampers, refines the
structural response, thereby considerably decreasing the
potential for earthquake-induced damage [16]. These
devices function by transforming kinetic energy into
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thermal energy via frictional resistance, which in turn
lowers the magnitude of the structural vibrations. The
strategic application of friction dampers can substantially
curtail a the seismic response of a building and protect its
structural integrity from severe impairment or collapse
[16].

The strategic implementation of friction dampers within
a structure enables engineers to manage the distribution of
seismic forces and alleviate potential damage to structural
and non-structural elements [17]. Incorporating friction
dampers into existing buildings generally causes minimal
disturbance to operations, making them an appealing
option for hospital retrofitting. Friction dampers present
several benefits over other seismic retrofitting techniques,
including  economic  efficiency,  straightforward
installation, and predictable performance metrics.
Utilizing friction dampers in seismic retrofits can
significantly decrease the inter-story drift ratio (IDR),
which is a critical metric for evaluating potential structural
damage.

The effective implementation of friction dampers
necessitates careful parameter selection, wherein the
friction coefficient, shear load, and optimal placement
within the structure are calibrated to maximize energy
dissipation and minimize adverse effects [18].

Despite considerable research validating the efficacy of
friction dampers in mitigating structural damage, their
influence on non-structural components in hospital
environments remains underexplored. Although friction
dampers are increasingly prevalent in earthquake
retrofitting endeavors, there is limited research on their
specific advantages in safeguarding sensitive non-
structural systems within healthcare facilities. This
investigation assesses the effects of friction dampers on the
acceleration and drift responses of buildings and correlates
these responses with the potential damage to non-structural
components within the structure. This study seeks to
bridge this gap by scrutinizing the impact of friction
dampers on the seismic performance of a five-story
concrete hospital building, focusing specifically on the
vulnerability of non-structural components. Through the
application of nonlinear time history analysis across
various earthquake scenarios, this study offers critical
insights into the effectiveness of friction dampers in
reducing damage to essential non-structural systems. The
findings of this study are expected to enhance the
understanding of how friction dampers can be strategically
employed to bolster the seismic resilience of hospital
buildings, thereby ensuring their uninterrupted
functionality both during and after seismic events.

This study provides hospitals and structural engineers
with data-driven information to make smart decisions
about seismic retrofitting, focusing on protecting
important non-structural parts. It examines how friction
dampers can improve a five-story concrete hospital
building's ability to withstand earthquakes, especially how
these dampers affect non-structural components. The
hospital's earthquake resistance was tested using a
nonlinear time history analysis with three different
earthquake scenarios. This study carefully examines the

inter-story drift ratio and peak floor acceleration (PFA) to
determine how likely it is that non-structural components
will be damaged. These probabilities were then put into
seismic vulnerability risk classes, to measure the seismic
resistance of the building. Finally, the study compares how
the hospital building performs with and without friction
dampers to determine how well this retrofitting method
works at reducing damage to non-structural components.

II. METHODS

This research employs a hypothetical hospital building,
designed according to previous-generation standards, as a
case study for evaluating an existing structure. The model
incorporates fiber hinges to simulate nonlinear behavior. A
retrofitted building model enhanced with friction dampers
was then developed to conduct a nonlinear time history
analysis across three earthquake scenarios. The impact of
friction dampers was assessed through a comparative
analysis of the seismic risk class for each non-structural
component in both the original and retrofitted buildings.

A. Description of the building

This study employed a redesigned model of an existing
hospital building in Sidoarjo. The structure is a mid-rise
building characterized by horizontal irregularities in its
plan. It measures 48.75 m longitudinally and 45.375 m
transversely, with irregularities present at both ends. The
first two stories are 4.5 m tall, while the third through fifth
floors have a height of 4 m each, resulting in a total
building height of 21 m. The structural materials consisted
of concrete with a compressive strength of 30 MPa and
reinforcing steel with an ultimate tensile strength of 420
MPa. The building's design adheres to Indonesian codes,
specifically SNI 1727-2013 [19] for gravity loads, SNI
1726-2012 [20] for seismic loads, and SNI 2847-2013 [21]
for reinforced concrete structure design. A special moment
frame configuration was used in the design process, which
included optimizing the structural element dimensions and
designing the necessary reinforcement. Notably, the inter-
story drift requirements were intentionally not met to
assess the efficacy of friction dampers in safeguarding
non-structural components of earthquake-prone hospital
buildings. A three-dimensional finite element model,
representing an open-frame structural system, was
developed using ETABS software, as depicted in Fig. 1.

This study categorizes hospitals non-structural elements,
according to their building space functions, as outlined in
Table 1. Subsequently, these components are classified as
either "acceleration-sensitive" or '"drift-sensitive". To
facilitate performance assessment, fragility curves for all
non-structural components were gathered from the
pertinent literature.

TABLE I. DISTRIBUTION OF SERVICES AT EACH FLOOR
LEVEL OF HOSPITAL MODEL

Story Service

Story 1  Emergency department, Maternal perintal installation
Story 2 ICU, PICU, Operating room, UPS room

Story 3 Radiology, Pharmacy, Kitchen, Laundry

Story 4  Outpatient department, Laboratory

Story 5 Inpatient room, Management office
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Fig. 1. Finite element model and structural grid

TABLE II. REINFORCEMENT DETAIL FOR 5-STORY STRUCTURE

Section Code K1 K4 B2 B4
730 650 . " 00
¥ e o o W T | -
] . - [ L I =
= 2 ¥ 2 * .
i . ]
h . - . o ) - +
Location 1st - 2nd floor 3rd - 5th floor 1st — 5th floor 1st — 5th floor
Dimension 750 x 750 (mm) 650 x 650 (mm) 350 x 600 (mm) 300 x 500 (mm)
Cover 40 mm 40 mm 30 mm 30 mm
Long. Bar 16 D25 16 D25 15 D19 10 D19
Stirrups 4D13-100 3D13-100 3D10-100 3D10-100

TABLE III. DISTRIBUTION OF NON-STRUCTURAL

COMPONENTS

Component Story

1 2 3 4 5
Aluminum partitions X X X X
Gypsum partition X X
Masonry wall X X X X X
Glass doors and windows X X X X X
Vertical pipe X X X X X
Ceiling X X X X X
UPS cabinet X
UPS Distribution panel X
UPS switchboard panel X
Elevator X X X X X
Small horizontal pipe X X X X X
Large horizontal pipe X X X X X
Computer & workstation X X X X X
Air conditioning unit X X X X X
Cabinet X X X X X
Cabinet’s Content X X X X X

B. Nonlinear Modeling of Structural Elements

In this study, the fiber hinge method was employed to
model the structural elements. This method discretizes the
element's cross-section into longitudinal "fibers," with
each fiber assigned a stress-strain relationship to represent
the material's nonlinear behavior. The model can be
distributed along the element or focused on the plastic zone
length, where nonlinear behavior is expected to occur. For

reinforced concrete elements, a fiber segment typically
comprises concrete and steel fibers, each of which is
defined by a unique stress-strain relationship. The plastic
zone length (L) is estimated using the formula L, = 0.05L
+0.008 dyfy/fc’®>, where L represents the element length,
fy is the reinforcing steel's yield strength, dy is the
longitudinal reinforcement diameter, and fc’ is the
concrete's compressive strength [22].

The nonlinear characteristics used in this study were
determined by modifying the stress-strain curve model and
its hysteresis curve for each material and all models were
accessible within the ETABS software. The parameters for
constructing the material behavior curves were based on
the ASCE 41 guidelines [23], which stipulate the use of
estimated material properties for nonlinear analysis. The
Mander model [24] was adopted for both confined and
unconfined concrete behaviors because of its ease of
implementation and relatively low computational demand.
Fig. 2 illustrates the stress-strain curves for confined and
unconfined concrete, as implemented in the case study
building model. The steel reinforcement stress-strain curve
model is based on the simple model available in ETABS
[25]. The parameters used in the construction of both
models are listed in Table V.

The structural model assumes fixed base conditions,
which is a common and conservative assumption for mid-
rise buildings on soft soil. Soil-structure interaction is not
explicitly modeled, which may slightly overestimate
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seismic demand but remains appropriate for comparative
assessment between retrofitted and non-retrofitted models.
Then, while a full sensitivity analysis was beyond the
scope of this study, the modeling approach focuses on
relative performance comparison (retrofitted vs. non-
retrofitted cases), which minimizes the impact of potential
biases. Future work should include parametric or
sensitivity studies to quantify the influence of damper
behavior, placement, and geometric irregularities on the
results.

TABLE IV. MATERIAL NONLINEAR PARAMETER

Parameter Value Unit
Concrete
fc’ design 30 MPa
fc’ expected 45 MPa
ec’ (yield strain) 0.0022
E (elasticity modulus) 31528.56 MPa
eu (ultimate strain) 0.0035
E
r (E—(fc’/scr) ) 285
fi (concrete tensile strength) 50.31 MPa
Steel rebar
Nominal fy 420 MPa
Nominal fu 525 MPa
Expected fy 525 MPa
Expected fu 656.25 MPa
E (elasticity modulus) 200000 MPa
gy (yield strain) 0.002625
gu (ultimate strain) 0.09
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Fig. 2. Mander's concrete stress-strain model
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C. Friction Damper Design and Layout

In this study, the friction damper was modeled using a
perfect elasto-plastic material model. This approach is
appropriate because the hysteretic curve of the friction
damper closely aligns with the properties of a perfectly
elasto-plastic model, thus facilitating the desired hysteretic
behavior. Prior research has implemented comparable
methodologies [26]-[27]. For this particular study,
modeling within the ETABS software follows the friction
damper manufacturer's guidelines [28], employing a
nonlinear link of the wen-plastic type. This model enables
the specification of the damper's yield strength, or slip
load, as well as its post-yielding stiffness ratio. Fig. 5
illustrates the anticipated hysteresis loop results for the
friction damper using this method. However, it is
acknowledged that this simplification may not fully
capture complex behaviors such as degradation, pinching,
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or stiffness variability under cyclic loading, which could
slightly affect energy dissipation estimates.
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Fig. 5. Expected friction dampers hysteresis loop [28]

Each damper was assigned a slip load derived from
design calculations based on the design earthquake
strength specified in SNI 1726-2019. To optimize the
performance of friction damper relative to earthquake
loads, the design incorporates more current standards than
those initially employed, aligning it with the most up-to-
date specifications. However, the selection of the slip load
was constrained by the manufacturer's specifications,
which imposed limitations on the available slip load
options (Table V).

Importantly, a smaller slip load than the calculated value
was often deliberately chosen, particularly when the next
higher available slip load significantly exceeded the design
target. This was a critical decision aimed at ensuring the
damper would activate during moderate earthquake events,
such as the BSE-1E scenario. Oversized dampers risk
remaining in the elastic range without yielding, thereby
failing to engage energy dissipation mechanisms under
design-level seismic loads. Selecting a slightly lower slip
load thus represents a conservative and performance-
driven compromise to ensure damper activation while still
remaining within an acceptable margin of structural safety.
Therefore, the design slip load is calculated first, and the
damper closest to the design slip load is selected.

TABLE V. FRICTION DAMPER SPECIFICATION

Slip load Stroke MidStroke Thickness Mass

(kN) (mm) (mm) (mm) (kg
1200 +/-140,0 1850 185 330
1100 +/-125,0 1695 185 275
1000 +-115,0 1545 185 240
800  +/-90,0 1135 185 195
650  +/-75,0 985 175 160
450  +/-50,0 780 175 115
250  +/-35,0 630 175 80

The story shear substantially influenced the design of the
slip load. In this study, a friction damper was implemented
as a retrofit, and the earthquake load adhereds to SNI 1726-
2019. Consequently, the story shear was obtained from the
equivalent static analysis outlined in the standard, with the
calculation parameters presented in Table VI. The
manufacturer's recommended formula determines the slip

damper load selection [28].
story shear

1
Slip load= 3 (1)

number of damper in story

TABLE VI. STATIC EQUIVALENT PARAMETER FOR

FRICTION DAMPER DESIGN
Parameter Value
Seismic importance factor (1) 1.5
Response modification coefficient (R) 8
Site class SE

Spectral acceleration at base rock (0.2-s) (S;)  0.964
Spectral acceleration at base rock (1-s) (Si) 0.388

Short-period coefficient (0.2-s) (F,) 1.129
Short-period coefficient (1-s) (F) 2.446
Spectral acceleration for short period (Sps) 0.725
Spectral acceleration for 1-s period (Sp;) 0.633
Fundamental period (T,=Ct.x) 0.814
Seismic response coefficient (Cs) 0.141

The design optimum slip load was determined based on
prior research, which indicated that the optimal slip load
falls within a range of approximately +20%-25% [29]—
[30]. Table VII summarizes the calculated story shear and
slip loads employed in this investigation. For this
investigation, a square hollow section with dimensions of
300 x 300 X 9 mm and grade 2 PKP-400 steel was selected
for the steel bracing, which transferres force from the
frame to the friction damper. Based on these specifications,
additional friction damper parameters, including mass,
weight, and stiffness, were derived, as shown in Table
VIII, which presents a comprehensive overview of all the
friction damper parameters utilized in this investigation.

TABLE VII. FRICTION DAMPER SLIP LOAD

P Story Shear  Total Slip Load Damper Slip Load

g Vi Vy Fx Fy Fx (kN) Fy (kN)
@ (kN)  (kN) (kN) (kN) Cal. Used Cal. Used
5 2419 2419 806 806 403 250 269 250
4 4996 4996 1665 1665 833 650 555 450
3 6874 6874 2291 2291 1146 1000 764 650
2 8129 8129 2710 2710 1355 1100 903 800
1 8638 8638 2879 2879 1440 1200 960 800

In this study, friction dampers were strategically
installed on each floor of a building model. Specifically,
five friction dampers were be employed, with two aligned
along the X-axis and three along the Y-axis. These
dampers are modeled as diagonal bracing elements within
the portal frame, and their placement is determined by
several key factors: minimizing the eccentricity between
the building's center of mass and its center of lateral
stiffness; controlling torsional effects induced by
earthquake shaking to ensure structural stability; and
avoiding interference with the hospital's operational
functionality, such as patient and doctor access routes. For
clarity, the nomenclature adopted for identifying each
friction damper is based on its horizontal and vertical
location; for example, “X-1-L1” denotes the damper
located on the X-axis at position 1 on floor 1. The proposed
layout plan and elevation of the friction damper system are
shown in Fig. 6.
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Fig. 6. Friction damper layout on (a) plan and (b) elevation view

TABLE VIII. FRICTION DAMPERS MODEL PARAMETER

Name Mass (kg) Weight Stiffness Yield Post Yie!d Yielding

(kN)  (kN/m) (kN) Ratio Exponent
X-1,2-L1 851.61 8.35 246826 1200 0.0001 10
X-1,2-L2 809.10 7.93 246826 1100 0.0001 10
X-1,2-L3 765.29 7.50 254767 1000 0.0001 10
X-1,2-L4 730.42 7.16 254767 650 0.0001 10
X-1,2-L5 679.04 6.65 254767 250 0.0001 10
Y-3-L1:L2 843.32 8.27 223777 800 0.0001 10
Y-4,5-L1 774.24 7.59 246826 800 0.0001 10
Y-4,5-L2 774.24 7.59 246826 800 0.0001 10
Y-3-L3 801.51 7.86 229644 650 0.0001 10
Y-4,5-L3 730.42 7.16 254767 650 0.0001 10
Y-3-L4 773.04 7.58 229644 450 0.0001 10
Y-4,5-L4 701.95 6.88 254767 450 0.0001 10
Y-3-L5 750.13 7.35 229644 250 0.0001 10
Y-4,5-L5 679.04 6.65 254767 250 0.0001 10

D. Performance assessment

While this study primarily investigates the efficacy of
friction dampers in mitigating non-structural damage, a
supplementary evaluation of structural elements is also
undertaken to guarantee the safety of the building.
Specifically, this evaluation relies on the roof drift ratio,
with the performance categorized according to ACI 274-2
R [31] as illustrated in Fig. 9.
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Given the wide array of non-structural elements present
in hospitals and the challenges associated with individual
analysis, this study employs the HAZUS probabilistic
method [32]. While originally developed for the U.S.
context, its probabilistic and component-based nature
makes it adaptable and applicable in regions like
Indonesia, particularly in the absence of comprehensive
local fragility datasets. The method has been used in
similar international studies for critical facilities where
operational continuity is essential [33]. This approach
leverages fragility curves to evaluate the probability that a
given intensity level (D) will surpass the capacity of an
element (C), which can be expressed as follows:

log(IM/ Cm))
B

In this formulation, the probability is determined using ¢,

the cumulative distribution function for a standard normal

distribution, in relation to IM, the Intensity Measure, f3, the

logarithmic standard deviation, and C,,, which quantifies

the median capacity of the element.

This methodology employs fragility curves to determine
the probability of a non-structural component exceeding a
defined performance threshold (damage state), given a
certain intensity of seismic activity. Specifically, the
analysis uses the peak floor acceleration for elements
sensitive to acceleration, and the inter-story drift ratio for
elements sensitive to drift. These fragility curves were
derived from existing literature focusing on non-structural
building components, with classifications based on the
spatial functions detailed in Table IX.

The fragility curves used in this study were drawn from
established literature, though some originate from different
building types or international contexts due to the lack of
hospital-specific and locally calibrated data in Indonesia.
While this introduces some uncertainty, particularly
regarding installation details and material differences, the
selected curves still offer a valid basis for assessing
relative performance trends. The analysis focuses on
comparative improvements due to friction dampers rather
than absolute damage probabilities. Future studies should

P(C<DID) = ¢( @
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develop fragility curves tailored to Indonesian hospital
settings to enhance accuracy and contextual relevance.

TABLE IX. LIST OF NON-STRUCTURAL COMPONENTS
AND THEIR FRAGILITY CURVE PARAMETERS

Damage

No. Component Source C,, B State

Drift sensitive (%)

1 Aluminum partitions [34] 0.69 040 DS2
2 Gypsum partition [35] 0.69 039 DS2
3 Masonry wall [36] 041 064 DS3
4 Glass doors and [37] 0.08 090 DS2
windows
5 Vertical pipe [38] 1.00 022 DS2
Acceleration sensitive (g)

6 Ceiling 39] 133 060 DS2

7 UPS cabinet 40] 1.18 0.61 DS1

8 UPS Distribution panel 32] 305 040 DS1

9 UPS switchboard panel 32] 2.70 060 DS1

10 Elevator 32] 039 045 DSI1

12 Large horizontal pipe 42] 0.60 042 DS1

13 Computer & workstation 32] 040 050 DS1

14 Air conditioning unit 32] 020 040 DS1

15  Cabinet 43] 093 040 DS1

[
[
[
[
[
11 Small horizontal pipe [41] 1.57 055 DS2
[
[
[
[
[

16  Cabinet’s Content 43] 0.65 021 DS1

Then the seismic risk class was then determined by
mapping exceedance probabilities to qualitative
performance categories (Table X) [44], facilitating
interpretation for practical retrofit decision-making.

TABLE X. SEISMIC RISK CLASS FOR NON-STRUCTURAL
ELEMENTS

Class Probability of exceedance
0<P<0.05
0.05<P<0.10
0.10<P<0.30

030 <P < 0.60

- 0.60 <P < 1.00

E. Seismic Scenario

OU.‘JJ>JI

The seismic scenarios employed in this investigation
correspond to three seismic hazard levels as defined in
ASCE 41-17 [23]. First, the Basic Safety Earthquake/BSE-
1E hazard level is characterized by a 20% probability of
being exceeded within a 50-year timeframe, which is
statistically equivalent to an earthquake with a 225-year
return period. Second, the Basic Safety Earthquake/BSE-
2E hazard level was associated with a 5% probability of
exceedance in 50 years, corresponding to an earthquake
with a 975-year return period. Finally, the BSE-2N hazard
level, also known as the Maximum Considered
Earthquake, is defined by a 2% probability of exceedance
in 50 years, equivalent to an earthquake with a 2475-year
return period.

This study focused on a hospital hypothetically situated
in Sidoarjo, East Java Province, Indonesia. Due to the
scarcity of local earthquake recording data and limited
instrumentation, earthquake records from nations with
comparable seismic conditions were employed for time
history analysis. To ensure accuracy, these records will be

adjusted to align with the target response spectrum,
utilizing a 5% attenuation ratio and a spectral matching
method compliant with the SNI 8899-2020 code [45]. To
select appropriate earthquake records, data including the
average source magnitude, average source distance, and
earthquake mechanism were considered, all of which were
sourced from the Indonesian Earthquake Hazard
Deaggregation Map provided by the National Center for
Earthquake Studies [46].

While the wuse of international ground motions
introduces inherent uncertainties, the spectral matching
process and contextual compatibility make them suitable
proxies for Indonesian hazard conditions. This approach
has also been widely adopted in regional studies where
local records are scarce [47], and aims to enhance the
relevance and realism of the nonlinear time history
analysis (NLTHA) used in this research.

In accordance with SNI 1726-2019 [48], seven pairs of
ground motion records were selected for each earthquake
intensity level, with each pair corresponding to a specific
acceleration response spectrum. These records were
sourced from the ground motion database of the Pacific
Earthquake Engineering Research Center on their website
[49]. For site class E, a Vs30 value of less than 175 m/s
was applied. The selected earthquake records and their
predetermined parameters are presented in Table XI.

For each predetermined earthquake scenario, spectral
matching commences with the generation of a response
spectrum curve tailored to a specific scenario. Specifically,
this curve is derived from the earthquake map outlined in
SNI 1726-2019 [48], along with the Peak Acceleration
Map and Response Spectrum for the 225-year and 975-
year earthquake return periods, as provided by the National
Earthquake Study Center [50]. All pertinent target
response spectrum parameters are detailed in Table XII.

III. RESULT AND DISCUSSION

ASCE 41-17 stipulates that performance evaluations for
existing buildings should focus on the BSE-1E and BSE-
2E scenarios. These scenarios targeted Immediate
Occupancy and Life Safety performance levels for Risk
Category IV buildings, respectively. In the present study,
the roof drift ratio derived from NLTHA was used as the
primary evaluation parameter. Fig. 9 illustrates the roof
drift ratios of both the original and retrofitted buildings
incorporating friction dampers. The results indicate that, in
the original building, several seismic events led to the roof
drift ratio reaching or surpassing the Life Safety limit. The
Kii-01 earthquake caused the most severe drift,
approximately 3%. Only the Iwate-04 earthquake
maintained a drift of less than 2%. This suggests that the
original building is prone to experiencing roof drift ratios
exceeding 2% during the majority of simulated
earthquakes, indicating a high potential for substantial
structural damage leading to a LS state. Conversely, the
retrofitted building demonstrated superior performance in
the BSE-2E scenario, consistently maintaining roof drift
ratios within the LS limit, even when subjected to forces
exceeding the design specifications.
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TABLE XI. SELECTED EARTHQUAKE RECORDS
. . Magnitude Distance PGA Duration
No. Event Mechanism Station ™) ®) @) (L) Code
BSE-1E (Tr=225 year)
1 Miyagi Off., Jepang, 2011 Benioff Ohmagari 7.15 163.74 0.096 163.9 Miyagi
2 Pingtung, Taiwan, 2006 CHYO076 7.02 16537  0.048 88  Pingtung
3 South Sanriku, Jepang, 2003 Honjoh 7.03 161.37 0.035 148.2  S.Sanriku
4 Tokachi-oki 02, Jepang, 2003 Megathrust Okotsube 8.29 207.00 0.047 189  Tokachi-02
5 Tokachi-oki 03, Jepang, 2003 Kikonai 8.29 222.79 0.023 186  Tokachi-03
6 Chuetsu-oki, Jepang, 2007 Shallow Crustal YMTO005 6.80 71.40 0.035 157  Chuetsu-01
7 El Mayor-Cucapah, Mexico, 2010 Salton Sea Wildlife Refuge 7.20 57.59 0.107 200 El-Mayor
BSE-2E (Tr=975 year)
1 Iwate Off., Jepang, 2011 Benioff Ohmagari 74 167.55 0.0418 111 Iwate-Off.-01
2 Iwate Off., Jepang, 2011 Goshogawara 74 190.34 0.0154 220  Iwate-Off.-02
3 Kii Peninsula, Jepang, 2004 Hazu 741 164.98 0.0537 176  Kii-01
4 Tohoku, Jepang, 2011 Megathrust Shuzenji 9.12 202.98  0.0622 300 Tohoku-01
5 Tohoku, Jepang, 2011 Goshogawara 9.12 200.09 0.0311 300 Tohoku-02
6 Iwate, Jepang, 2008 Shallow Crustal MYGO007 6.9 45.55 0.1333 181  Iwate-04
7 Chuetsu-oki, Jepang, 2007 NIGO010 6.8 49.19  0.0483 178  Chuetsu-02
BSE-2N (Tr=2475 year)
1 Ibaraki Offshore, Jepang, 2011 Benioff Inawashiro 7.92 153.48 0.0436 139.1  Ibaraki-Off.-01
2 Ibaraki Offshore, Jepang, 2011 Atsugi 7.92 13142 0.0342 118.3  Ibaraki-Off.-02
3 Ibaraki Offshore, Jepang, 2011 Odawara 7.92 153.76  0.0453 151.5  Ibaraki-Off.-03
4 Tohoku, Jepang, 2011 Megathrust Maki 9.12 219.39  0.0275 300 Tohoku-04
5 Tohoku, Jepang, 2011 Sanjoh 9.12 209.36  0.0412 300 Tohoku-05
6 Iwate, Jepang, 2008 Shallow Crustal MYGO007 6.9 45.55 0.1333 181  Iwate-04
7 Chuetsu-oki, Jepang, 2007 NIGO010 6.8 49.19  0.0483 178  Chuetsu-02
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Fig. 8. (a) Target response spectra employed in the seismic evaluation, (b) selected ground motion spectra matching result for BSE-1E, (c) selected ground
motion spectra matching result for BSE-2E, (d) selected ground motion spectra matching result for BSE-2N

The implementation of friction dampers effectively
mitigated significant damage, ensuring that the building
performance remained within acceptable standard limits.
Fig. 10 presents the hysteresis curve, a key benchmark
illustrating the performance of the friction damper under
the BSE-2N earthquake scenario, focusing on the
correlation between the axial force and deformation to
assess its capacity to dissipate earthquake energy.

TABLE XII. TARGET RESPONSE SPECTRA PARAMETER

Earthquake Scenario

Parameter BSE-IE  BSE-2E  BSE-2N

Seismic importance factor (I.) 1.5 1.5 1.5

Site class Soft soil  Soft soil Soft soil
(SE) (SE) (SE)

Spectral acceleration at base 0.330 0.6500 0.964

rock (0.2-s) (S;)

Spectral acceleration at base 0.135 0.2500 0.388

rock (1-s) (Sy)

Short-period coefficient (0.2- 2.176 1.460 1.129

s) (Fa)
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Earthquake Scenario

Parameter

BSE-1E  BSE-2E  BSE-2N
Short-period coefficient (1-s) 3.885 3.050 2.446
)
Amplified acceleration at short 0.718 0.949 1.088
periods (Sus)
Amplified acceleration at 1-s 0.524 0.763 0.950
period (Smi)
Corner period parameters 0.730 0.803 0.873
(Ts=SM1/SMS)
Period parameters (T¢=0.2T;) 0.146 0.161 0.175

An analytical emphasis is placed on the damper response
to seismic loading, its peak deformation and displacement
capabilities, and energy dissipation efficiency, with data
revealing a distinct slip load at 1200 kN, indicating the
threshold for energy absorption. Designed with a
deformation capacity of £175 mm, hysteresis curve
analysis confirmed that the deformation remained within
operational limits during the earthquake, highlighting the
damper's ability to absorb energy while maintaining
structural integrity. The parallelogram shape of the
hysteresis curve graphically represents the energy-
dissipation capability, demonstrating its effectiveness in
reducing the forces transmitted to the structure and
enhancing the overall building performance during
significant seismic events.

The performance of non-structural building elements
was assessed under three earthquake scenarios: BSE-1E,

(by”
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2 1 M wate-04
&
Ez%.___________
G
9)
Q% ]
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BSE-2E, and BSE-2N. Although ASCE 41-17 advises
using only BSE-1E and BSE-2E for existing buildings,
BSE-2N was added to fully understand the condition of the
building after a major earthquake. To assess the
components sensitive to drift, the maximum IDR was used
for each story. For components sensitive to acceleration,
the maximum peak floor accelerations were used. The
maximum values for each earthquake scenario were
considered for both the building types. The probability of
damage was calculated using Equation (2), including the
logarithmic standard deviation and median values from
Table IX. For example, the performance of vertical pipes
and ceilings on each floor, with B values of 0.22 and 0.6
and Cy, values of 1 and 1.33, respectively, is shown below.
Fig. 11 and 12 show the IDR and PFA results of the
existing and retrofitted buildings, respectively, along with
the seismic risk class limits for each component. Fig. 11
shows the performance of the vertical pipe component
across the three earthquake scenarios. The existing
building shows significant drift, even in the BSE-1E
earthquake, with vertical pipes only achieving risk class C
on the roof floor and the rest in class D. The boundaries
between each risk class are narrow, possibly because of the
building’s IDR and demand IDR from the vertical pipe
fragility curve.
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Fig. 9. Global performance levels for (a) existing and (b) retrofitted building at BSE-2E
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Fig. 10.  Hysteretic curve of friction damper obtained from NLTHA

Thus, even with a reduction of up to 74.9% in the IDR
because of the friction damper, the seismic risk class of this
component remained mostly unchanged, remaining in
class D. Fig. 12 shows the performance of the ceiling
component, where the boundaries between risk classes are

more distinct than those of the vertical pipe, possibly
because the PFA results of the building still fall within the
demand range of the fragility curve of the ceiling. For this
component type, the ceiling in the existing building
achieves a good risk class, with only the ceiling on the roof
floor under the BSE-2E scenario and on the 4th floor under
the BSE-2N scenario falling into category C. This
assessment was applied to each component, and the
performance results of the non-structural components in
the existing and retrofitted buildings are detailed in Tables
XIIT and XIV, respectively.

In the existing building, drift-sensitive non-structural
components are primarily class D, indicating almost
certain exceedance probabilities. An exception is the
vertical pipe on the roof, which reaches class C during the
BSE-1E earthquake, with a 55% exceedance probability.
This highlights the vulnerability of these components;
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partitions, walls, doors, windows, and vertical pipes are
likely to be damaged in earthquakes mirroring the
reviewed scenarios because of high exceedance
probabilities. The incorporation of friction dampers is
expected to improve the performance of non-structural
components by reducing building drift. However, the
performance class of drift-sensitive components did not
significantly improve, with exceedance probabilities
remaining between 60% and 100%, retaining class D risk.
During the BSE-1E and BSE-2E earthquakes, the vertical
pipes on the roof improved from classes C to B and D to
C, respectively.

The underperformance of friction dampers for drift-
sensitive components is primarily due to a mismatch
between the design assumptions and actual seismic
demands. The dampers were sized based on the SNI 1726-
2019 design spectrum [48], which has lower spectral
acceleration than the BSE-1E and BSE-2E scenarios,
resulting in slip loads that were too small for larger
earthquakes. Additionally, the hospital building was
originally designed using SNI 1726-2012 [20], which
allowed greater structural flexibility. The model
intentionally did not meet current drift limits to evaluate
retrofit effectiveness under challenging conditions. While
dampers reduced drift significantly during moderate
events, they remained ineffective in bringing drift below
non-structural damage thresholds under stronger
earthquakes due to limited slip capacity and the building’s
flexible behavior.

Acceleration-sensitive non-structural components show
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a notable decline in exceedance probability in ceilings,
UPS cabinets, horizontal pipes, and cabinets with contents.
The efficacy of the friction dampers decreases with
increasing earthquake intensity. For example, for cabinet
content, the exceedance probability was reduced by 74%,
63.5%, and 43% for the BSE-1E, BSE-2E, and BSE-2N
earthquakes, respectively. Certain components, such as
distribution panels and UPS switchboards, performed well
in the existing building, with low exceedance probabilities
of 0.06% and 0.2% under the BSE-2N earthquake. This
resilience is due to the high acceleration required to
damage these components, which alow them to maintain
high performance even under severe conditions. Elevators,
computers, and air conditioning units perform poorly in
both existing and retrofitted buildings, remaining in class
D. Although friction dampers can reduce the exceedance
probability by up to 48% for elevators on floors 2—4 in the
BSE-1E earthquake, this only elevates the risk class to C.
The performance class for air conditioning units and
computers remained in class D, indicating the need for
more targeted interventions.

Although friction dampers improve structural drift and
acceleration responses, the vulnerability of certain drift-
sensitive non-structural components persists. The findings
indicate a continued high probability of damage for critical
elements such as elevators and air conditioning units,
suggesting that friction dampers alone do not
comprehensively mitigate the damage risk across all
essential building components.
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Fig. 11. IDR from NLTHA and vertical pipe performance evaluation
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Fig. 12. PFA from NLTHA and ceiling performance evaluation

TABLE XIII. PERFORMANCE EVALUATION RESULTS OF EXISTING BUILDING NON-STRUCTURAL COMPONENTS

Probability of exceedance *

Non-structural BSE-IE BSE-2E BSE-2N

Component

L2 L3 L4 LS Roof Lift L2 L3 L4 LS Roof Lift L2 L3 L4 LS Roof Lift

Aluminum partitions

Gypsum partition

Masonry wall

Glass doors and windows

Vertical pipe

Ceiling 0.22 4 d 5 0.05 ! ! 0.07

UPS cabinet 0.29 - - - - - 0.07 - - - - - 0.11 - - - - -
UPS Distribution panel 0.00 - - - - - 0.00 - - - - - 0.00 - - - - -
UPS switchboard panel 0.03 - - - - - 0.00 - - - - - 0.00 - - - - -
Elevator

Small horizontal pipe 0.13 002 003 006 012 010 002 0.10 0.11 0.11 026 0.11 003 007 023 009 019 021
Large horizontal pipe 0.13 002 003 006 012 0.10 002 0.10 011 011 026 0.11 003 007 023 009 019 021

Computer & workstation

Air conditioning unit

Cabinet 040 0.08 0.09 0.19 037 : 0.10 022

Cabinet’s Content - 0.16 0.19 051 022  0.59

A+ A B

 Seismic Risk Class:

Probability of exceedance *

Non-structural BSE-1E BSE-2E BSE-2N

Component

L2 L3 L4 LS Roof Lift L2 L3 L4 LS5 Roof Lift L2 L3 L4 LS5 Roof Lift

Aluminum partitions

Gypsum partition

Masonry wall

Glass doors and windows

Vertical pipe

Ceiling 002 003 002 006 0.17 - 003 010 006 006 0.18 - 0.05 0.08 0.09 0.12 023 -
UPS cabinet 0.03 - - - - - 0.04 - - - - - 0.08 - - - - -
UPS Distribution panel 0.00 - - - - - 0.00 - - - - - 0.00 - - - - -
UPS switchboard panel 0.00 - - - - - 0.00 - - - - - 0.00 - - - - -
Elevator 049 0.56 0.50

Small horizontal pipe 001 001 001 002 009 014 001 004 002 002 009 012 002 003 004 006 013 0.14
Large horizontal pipe 001 001 001 002 009 014 001 004 002 002 009 012 002 003 004 006 013 0.14
Computer & workstation | 047 0.53 0.48 - - 053 [ - -] - -
Air conditioning unit - - _
Cabinet 0.01 002 002 008 029 - 002 0.02 015 0.08 0.07 - 006 0.11 0.13 020 042 -

Cabinet’s Content 001 0.2 001 0.15 - - 002 040 0.17 0.14 - - 010 026 033 053 - -

2 Seismic Risk Class: At A B c -
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IV. CONCLUSION

This study investigates the efficacy of friction dampers
as a seismic retrofit strategy for hospital buildings,
focusing on their capacity to mitigate non-structural
damage. For this purpose, a five-story reinforced concrete
structure, designed in accordance with a building code
predating the most recent version, was selected as a case
study. Furthermore, the assessment of non-structural
component performance was conducted using nonlinear
time history analysis, with the resulting data employed to
determine exceedance probabilities and classify seismic
risk levels.

This study concluded that implementing friction
dampers enhances a building's seismic performance;
however, the degree of enhancement is component-
dependent. In existing buildings, drift-sensitive
components are primarily categorized as Risk Class D,
which suggests a high likelihood of damage. While friction
dampers contributed to drift reduction, only the vertical
pipes located on the roof experienced a risk class
improvement from C to B during the BSE-1E and BSE-2E
seismic events. Furthermore, the utilization of friction
dampers resulted in a decreased probability of damage to
acceleration-sensitive components, such as ceilings and
UPS cabinets. Specifically, the contents of the cabinets
experienced damage probability reductions of up to 74%
during the BSE-1E earthquake. However, the effectiveness
of the dampers tends to diminish during higher-intensity
seismic events because the damper is only optimally
designed for a design earthquake, where the design
earthquake is close to the BSE-1E earthquake. This
underlines the inflexibility of friction dampers in reducing
earthquake damage because their performance is highly
dependent on the initial design assumptions. Several
components, including elevators, computers, and air
conditioning units, remain in Class D, despite the observed
improvements. In general, friction dampers reduce drift
and acceleration; however, drift-sensitive components
remain susceptible, particularly in flexible buildings.
Therefore, although the implementation of dampers
improves the performance of acceleration-sensitive
components, it does not eliminate the risk of damage
completely.

Despite its limitations, this study highlights the potential
deficiencies of traditional friction damper systems in the
seismic retrofitting of critical facilities, such as hospitals,
which house a diverse array of acceleration- and drift-
sensitive components. These limitations suggest that while
friction dampers are a practical retrofit solution, they may
need to be complemented with alternative strategies such
as base isolation that offer global structural control and
have shown superior performance in critical facilities [33],
[47]. Future studies should explore and compare such
methods to better inform comprehensive hospital retrofit
planning.
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